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ABSTRACT OF THE DISSERTATION
A Novel Method to Detect Bacterial Restriction-Modification (R-M) Systems
by
Julie Kay Armantrout Kasarjian
Doctor of Philosophy, Graduate Program in Microbiology and Molecular Genetics
Loma Linda University, June 2003
Dr. Junichi Ryu, Chairperson

Analysis of recently sequenced microbial genomes has revealed many DNA
sequences that code for previously unknown restriction endonucleases and their
corresponding methyltransferases. These findings show that numerous restriction
enzymes abundant in bacteria have yet to be discovered. Traditionally, restriction
enzymes have been discovered by the classical restriction and modification (R-M)
phenomena of bacteriophages (type I and III enzymes), or by direct enzyme assays (type
II enzymes). To avoid the limitations of these traditional approaches, a quantitative R-M
test based on plasmid transformation efficiency (Plasmid R-M Test) was established
using DNA fragments derived from the E. coli bacteriophage lambda. This test is similar
to traditional “efficiency of plating” (EOP) assays but measures “efficiency of
transformation” (EOT). To determine the feasibility of using plasmid transformation to
detect restriction activity, five known R-M systems were tested, including: type I (E’coBI,
EcoAl, Ecol24I), type II (Hindlll), and type III (E’coPlI). To test the hypothesis that this
methodology could be used to locate recognition sequences, we applied this methodology
to determine the DNA recognition sequence for KpnAl, which was found to be
GAA(6N)TGCC. For this, the computer program, RM Search was developed to analyze
positive and negative DNA sequence data. In addition, a simple method was designed
xiv

and used to identify the modification sites for the KpnAI methyltransferase. This method
employs the concept of restriction enzyme sensitivity to the methylation status of doublestranded DNA. The recognition sequences for three previously characterized Salmonella
R-M systems, StySEAI, StySENI, and StySGI were found to be ACA(6N)TYCA,
CGA(6N)TACC, and TAAC(7N)RTCG, respectively. In addition, this project identified
R-M systems in clinical E. coll strains EC826, EC851, and EC912. The recognition
sequences for these systems respectively are GCA(6N)CTGA, GTCA(6N)TGAY, and
CAC(5N)TGGC. Because plasmid transformation methods are available for many
bacteria and enzyme purification is not required, this model system can be extended to
further bacterial species to search for new R-M systems. Combined with RM Search, a
newly developed computer program, this new test may become one of the standard
methods used to find new restriction enzymes, and to predict their recognition sequences.
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CHAPTER ONE
INTRODUCTION

Restriction-modification (R-M) systems serve as an ‘immune system’ that can
regulate the uptake of foreign DNA in order to protect the integrity of the bacterial
genome. Basic research needs to continue in order to better understand all three types of
R-M systems. A critical element in the future characterization of restriction-modification
is the need to study bacteria for which current approaches cannot be applied. To meet this
need, a more versatile test for restriction activity and the necessary computer software for
recognition sequence identification need to be developed.
This section provides a brief background to assist in understanding the need to
explore this area. To better understand the initial observation of phenomenon of
restriction and modification in bacterial cells, I have first included a historical
introduction. This describes key observations that led to the discovery of restriction
enzymes. Next, a general description of restriction and modification (R-M) systems
follows. This section outlines important topics including: classification, original and
current nomenclature, the role of R-M systems to the survival of the bacterial cell, and
regulation of the restriction endonuclease and methyltransferase. The subsequent section
is dedicated to the discussion of type I R-M systems because of their prominence in these
studies. These topics will include: genetic structure, diversity of sequence specificity, and
the proposed mechanisms for DNA recognition and cleavage. The final section is devoted
to reviewing historical and current methods used to identify new R-M systems and
determine their DNA recognition sequences as well as proposed relevant applications.
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This overview seeks to impress upon the reader the importance of establishing a new
method to aid in the study of these significant enzyme systems.
Discovery ofRestriction Enzymes
The phenomenon of restriction and modification (R-M) was first observed in the
early 1950s (6). These opposing enzymatic activities, first described as host-controlled
modification or DNA host specificity, were originally found in work with bacteriophage
by Luria and Human (88) and Bertani and Weigle (11). They noted the bacteriophage that
grew well on one strain of bacteria (e.g., Escherichia coli K-12), had limited growth on a
second strain (e.g., E. coli B). Phage that escaped this growth limitation or ‘restriction’
were then able to grow successfully when challenged again to the second strain (e.g., E.
coli B). These surviving phage were speculated to have gained some modification that
protected them from degradation by the second host strain. Arber proposed that this dual
phenomenon could be explained by endonucleases and methylases acting at the same
DNA sequences (3, 6). Working with Stuart Linn he found evidence of restriction
enzyme activity in E. coli B cell extracts (87). Soon after, the first biochemical
characterization using purified restriction enzymes was accomplished by Meselson and
Yuan (98) and Smith and Wilcox (146). Using sucrose gradient centrifugation, Meselson
and Yuan observed that while unmodified DNA was cleaved into large fragments by the
enzyme, modified DNA remained intact (97). They also found that the co-factors Sadenosylmethionine, ATP, and Mg++ were required for restriction activity by E. coli K
(98). In contrast, Smith and Wilcox found that the restriction endonuclease from
Haemophilus influenzae Rd requires only Mg+f (146). E. coli K-12, E. coli B, PI
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lysogens, and H. influenzae were the first laboratory strains used to study DNA
restriction and modification (84, 87, 98, 146).
Arber was the first to suggest that restriction enzymes could be used to cleave
DNA molecules into specific fragments. Similarly, trypsins (proteolytic enzymes) were
already in use for protein digestion (6). The use of restriction enzymes to digest DNA
created the possibility to map segments of the genome that are responsible for various
biological activities. This approach was applied by Daniel Nathans to determine the
location of genes on simian virus 40 (1, 112).
In 1978, Arber, Nathans, and Smith were awarded the Nobel Prize in Physiology
or Medicine “for the discovery of restriction enzymes and their application to problems
of molecular genetics.” In his Nobel Lecture, Smith noted this example of basic research
on a seemingly insignificant bacteriological phenomenon led to a discovery with
‘unexpectedly far-reaching implications’.
Restriction and Modification (R-M) Systems
General Description and Classification
R-M systems provide a barrier to the transfer of genetic information within and
between bacterial species. Common to bacteria, restriction and modification (R-M)
systems are made up of enzymes with opposing activities: an endonuclease, that
recognizes a specific DNA sequence and cleaves double-stranded DNA, and a
methyltransferase that uses S-adenosyl-L-methionine (AdoMet) to transfer a methyl
group onto one nucleotide in each strand of the target site (137). Methylation, required to
protect DNA from suicidal attack, occurs either at adenine or cytosine, generating either

3

N6-methyladenine (m6A), N4-methylcytosine (m4C) or C5-methylcytosine (m5C). In
symmetrical sequences, the same base is methylated on both strands (14, 134).
Hemimethylated DNA, modified on only one strand of the target sequence, is a
good substrate for methyltransferase activity. Hemimethylation usually prevents cleavage
by sterically hindering the binding of the endonuclease. Methylation ensures that after
DNA replication, hemimethylated duplex DNA will become fully methylated and not
cleaved (170).
Initially, R-M systems were classified into two main groups: 1) type I, ATP
dependent systems, and 2) type II, ATP independent systems (16). As more enzymes
were identified, three ATP dependent systems, EcoPI (49), EcoPISI (50), and Hinflll
(65) were found to be substantially different, leading to a third class, type III (65).
Classification is based on subunit composition, DNA cleavage pattern, required cofactors
and recognition sequence symmetry (14, 134). Following, the main characteristics of
each type of R-M system are detailed (Figure 1.1) (134). Current and historical reviews
cover these and additional topics, with references included (3, 14, 16, 19, 31, 70, 78, 98,
113, 134, 152, 169, 170). Figure 1.1 includes the important features of type I, II, and III
R-M systems.
Type I R-M systems, the first to be discovered, are the most complex. These
systems are comprised of three subunits, encoded by the hsdR, hsdM and hsdS genes
(104). All three gene products are required for restriction activity, whereas hsdM and
hsdS gene products are sufficient for modification activity. The specificity of the system
(DNA recognition sequence) is determined by the hsdS subunit. HsdS recognizes specific
asymmetric DNA sequences of 7-8 nucleotides separated by a spacer of a fixed length.
4

Although the enzyme binds specifically to its recognition sequence, it translocates DNA
by an ATP-dependent mechanism to reach a non-specific cleavage site 1-7 kilobases
from the recognition sequence (14, 31, 104, 133). Both strands of DNA are methylated at
the target sequence. Genetic complementation tests, DNA homology studies and
antigenic cross-reactivity assays have led to the recognition of four distinct families of
type I systems: IA, IB, IC (14, 38, 108, 128, 130, 150, 158) and ID (8).
Type II R-M systems are comparatively simple. The restriction endonuclease
forms a dimer and is the product of a single gene (e.g. R.EcoRI) whereas the
corresponding modification methylase is the product of another gene (e.g. M.EcoRI) that
functions as a monomer (14). Type II restriction enzymes most often recognize short
palindromic sequences 4-8 bp in length and require magnesium ions to cleave DNA
within or next to the recognition site (14). Because the restriction sites for type II
restriction enzymes are predictable, they are indispensable for gene manipulation. Type II
enzymes are the topic of many detailed reviews positions (10, 12, 67, 76, 170).
and their classification has been further subdivided according to recognition sequence
patterns and cleavage positions (136).
Type III R-M systems are characterized as intermediates of type I and type II.
Early studies with the type I R-M systems from E. coli K and E. coli B also included the
first type III system, EcoPlI (7, 32, 79). Both type I and type III proteins are large and
multifunctional (97) yet type III enzymes have only two subunits, comparable to type II
enzymes. These two subunits, Mod and Res, form a holoenzyme that is required for
restriction, similar to type I systems (55). Modification requires a single M subunit,
which includes a specificity function, similar to type II systems. Methyl groups are added

5

to only one strand of the DNA (28, 50, 50, 95, 119). Type III restriction enzymes
recognize asymmetric nucleotide sequences (5-6 nucleotides) and cleave unmodified
DNA in the presence of ATP and Mg2+ (94). Cleavage occurs 23-25 base pairs
downstream from the recognition site and is thought to require two unmodified
recognition sites that are inversely oriented (65, 96).
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Most R-M systems fit into one of these three major classes, however, an
additional class (type IV) was proposed (59, 118). The restriction endonuclease and
methyltransferase of these systems are combined into one polypeptide chain. Although
AdoMet is essential for modification activity, ATP is not required for successful
restriction. Most of these restriction enzymes recognize asymmetrical DNA sequences,
and like type IIS enzymes, cleave DNA at a defined distance from the recognition site.
However, HaelV, from Haemophilus aegyptius, cleaves DNA on both sides of the
recognition site (60, 121). For this reason it was proposed that these enzymes are
intermediates of type IIS and type III enzymes (59). So far, all enzymes in this class
modify adenine to produce m6A. According to a recent paper, published in March of
2003, members of the originally proposed type IV family are now designated as subtypes
of the type II family (136). To date, there are at least five type IIG restriction enzymes: 1)
Bce83I (91) 2) BseMII (61), 3) BspLUllIII (23) 4) Eco57I (59), and 5) Mmel (160).
HaelV (121) is now included in the type IIB family.
All of the R-M systems mentioned thus far cleave unmodified DNA, but there are
other methyl-dependent restriction enzymes. These were first designated modification
dependent restriction systems. Dpnl, from Streptococcus pneumoniae, was the first
restriction enzyme to require methylated DNA sequence in order to cleave DNA (81, 82).
Roberts et al. have recently proposed that these systems be designated as type IV (136).
One well-characterized example from E. coli K-12, McrBC, is made up of two types of
subunits. McrBC cleaves methylated DNA with the sequence specificity, 5’- PumC (N403000) PumC - 3’, up to 3 kb from the recognition sequence (132, 147). The recognition
sequences for other methyl-dependent enzymes are not yet well defined.
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Another type of endonucleases, homing endonucleases, are receiving increasing
attention due to their large recognition sequences (14-40 bp) and unique structural and
functional properties. Homing is described as the lateral transfer of an intervening
sequence to a homologous allele that lacks that sequence. They were first found in
Saccharomyces cerevisiae as a 1.1 kb group I intron found in the large rRNA gene of the
mitochondrial genome (166). This protein, I-Scel, is coded for by an internal open
reading frame found within the intron. Homing endonucleases are rare-cutting enzymes
encoded by introns. They are closely associated with intervening sequences where they
can replicate their open reading frame without harming host genes. At least four families
of homing endonucleases are known, including, LAGLIDADG, GIY-YIG, H-N-H, and
His-Cys box. Characteristics of these unique systems can be found in a complete review
describing homing endonucleases (9). Intriguingly, these endonucleases have been found
in all branches of life. Within eukaryotes, for example, these are found in the nuclear,
mitochondrial and chloroplast genomes (9).
This section demonstrates that our knowledge of the diversity of these systems is
just beginning and is constantly changing as more R-M systems are discovered. By
adding a new method for detection, R-M systems that may have been previously
inaccessible can be identified. Studying these in relation to each other we may increase
our understanding of their function in the bacterial cell.
Nomenclature
As the number of known restriction enzymes grew in increasing numbers, due to
their usefulness in molecular biology, so did the need for a standard nomenclature. In
1973 the first rules for naming restriction systems were published by Hamilton Smith,
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based on original suggestions by Danna et al. (26, 145). R-M systems are indicated by a
three-letter acronym formed using the first letter of the genus and the second and third
letters from the first two letters of the species. The strain description follows, and when
different R-M systems are found in the same strain, they are differentiated using roman
numerals following the three-letter name. The original nomenclature did not include the
roman numeral. For example, the first type I enzyme from E. coli strain K-12 is now
written as EcoKI. In a report containing the properties and sources of all known R-M
systems, Kessler suggested further nomenclature for ambiguous enzyme names (67).
Until a recent change to plain text, proposed by Roberts et al. (136), the first three
letters were originally written in italics. For example, E'coRII should now appear as
EcoRII. The type II category is further subdivided based on either the pattern of the
recognition sequence (e.g., the type IIP enzyme, EcoRI recognizes the palindromic
sequence, GAATTC) or the actual structure of the enzyme. The criteria for enzymes in
the type II category states they must cleave DNA close to, or within, the recognition
sequence and digestion must result in defined fragments. Roberts’ paper (136) also
includes a complete nomenclature including designations for hypothetical R-M systems,
found by analysis of sequenced genomes. These putative R-M systems are named
following the normal nomenclature, but an additional suffix ‘P’ will be added (e.g.,
EcoKIIP). Nomenclature for homing endonucleases, DNA methyltransferases, and
related genes and their predicted products are also included.
Technological advancements, including genome sequencing and sequence
comparison are outpacing the naming conventions. Analysis of sequenced genomes for
R-M systems has revealed many new R-M systems as well as enzymes with similar
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functional domains. In order to better characterize these, an in vivo method is needed to
distinguish between active and inactive genes.
Significance to the Bacterial Cell
It is generally accepted that R-M systems are like an ‘immune system’ for the
bacterial cell (6, 134). The restriction enzyme will cleave foreign DNA entering the cell
due to bacteriophage infection, transformation, conjugation, or transduction unless the
DNA carries a marker (methylation) labeling it as ‘self’ Many questions remain,
whether this is the sole reason for the existence of R-M systems. Present theory does not
fully explain the roles for R-M systems in the bacterial cell. For example, it is not known
why a cell expends additional energy to cleave DNA using a type I system, when a type
II system appears to be more efficient.
R-M systems may, however, serve as more than just a defense mechanism by
assisting in genetic exchange, providing DNA ends for recombination (12, 127). In a
recent review, Arber describes R-M systems as modulators of the frequency of genetic
variation (5). R-M systems not only limit bacterial uptake of foreign DNA but also
promote recombination into the host genome (99, 100). Arber also suggested opposing
functions of restriction endonucleases, that limit DNA uptake to a small amount, but also
stimulate the acquisition of DNA at a low frequency (5).
Recently, Kobayashi et al. have proposed that type II R-M systems exist as
‘selfish, mobile genetic elements’ (71, 72). This theory is based on the finding that
cleavage of chromosomal DNA, due to loss of R-M gene complexes, may lead to cell
death. R-M systems can be lost from the bacterial cell due to plasmid loss or
chromosomal recombination. Handa et al. observed that endonuclease activity remained
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longer than methyltransferase activity following the loss of genes coding for the type II
R-M system, EcoRI (51). Chromosomal DNA then becomes a substrate for cleavage by
the residual endonuclease because it is no longer fully protected by modification. This
‘selfish gene’ hypothesis is supported by a recent comparison of bacterial genome
sequences that revealed the presence of genes for multiple R-M systems (71).
So far, there is no evidence of type I systems sensitivity to DNA cleavage due to
loss of an R-M system (80, 115). Activity of type I systems seems to be modified in order
to protect the chromosome. In experiments where EcoKI was deleted in the absence of
ClpXP protease, damage to the cells could not be detected (90, 115).
Regulation of Enzymatic Activity
Gene regulation is not well understood for any R-M system at this time, but
relevant literature is included here. It is critical for the survival of a bacterial cell that
endonuclease activity be well-regulated. If this enzymatic activity is not regulated or
regulation fails, any unmodified DNA, including the chromosome will be degraded. This
problem may occur following the acquisition of a new R-M system by a bacterial cell in
which the chromosome is not yet protected by modification. In type II systems.
transcriptional regulation for some systems has been reported. Tao et al. sequenced an
open reading frame (ORE) in the Proteus vulgaris R-M system, PvuII (153). A mutation
in this region, PvuIIC, resulted in an r' phenotype, even without interfering with hsdR
(154). They proposed that the gene product coded for by PvuIIC is a regulatory protein
that is required for the expression ofpvuIIR.
The type II R-M system, BamHI, was also found to contain a third gene, bamHIC,
that regulates expression of the restriction enzyme. Endonuclease activity was found to
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decrease more than 200-fold when bamHIC was disrupted (56), showing that bamHIC is
a positive regulator of type IIR-M systems.
The type IB systems EcoAI and EcoEI were the first to be examined for
regulation mechanisms (150). When genes for a new R-M system were transferred into
the recipient, no evidence of cell destruction was observed. Only when the recipient cell
was already expressing R subunits, was the cell killed. This was presumably due to the
endonuclease activity expressed from a complex, composed of a combination of new and
existing subunits. Differential expression of the restriction and modification activities can
be achieved due to the gene organization and separate promoters, and may contribute to
the protection of chromosomal DNA during the acquisition of a new R-M system.
A role for transcriptional regulation of type I R-M genes has only been proposed
for the type IC system, EcoR124I (80). Otherwise, transcriptional regulation for type I
systems has not been detected. However, hsd genes can be transferred to recipient
bacteria, whose chromosomal DNA is not yet protected by specific modification (90,
115, 125). It is believed that cells may survive after obtaining a new R-M system because
they become proficient in restriction only after modification activity is established.
Previously, experiments in our laboratory have shown that after conjugal transfer of hsd
genes there is a lag of 15 generations before cells become restriction proficient (126). It
was shown that the ClpXP protease is needed for successful acquisition of genes for type
IA and IB systems, implying that proteolysis causes delayed expression of restriction
activity (90). Recently, EcoKI has been shown to be regulated by ClpXP-dependent
degradation of the HsdR subunit (89).
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Type IR-M Systems
Genetic Structure
Due to their relevance in these studies, the following sections are limited to the
discussion of type I R-M systems. Initially, based on complementation experiments, the
R-M locus for type I systems were designated hsd (host specificity of DNA). The genes
for all three families of type I systems have been further characterized by DNA
hybridization and sequencing experiments. Type I systems are made up of three genes,
hsdR, hsdM, and hsdS, coding for polypeptide subunits, R, M, and S. These subunits are
responsible for restriction, modification, and specificity activities respectively (14, 104).
Early experiments found that an enzyme complex with a mutation in hsdR was deficient
in restriction activity but capable of modification (r'm+). A mutation in hsdM or hsdS
resulted in the phenotype, r' m\ From these results it was concluded that a functional
enzyme, capable of restriction, requires all three subunits (R, M, and S) and that
modification activity only depends on the presence of the two subunits, M and S. The
stoichiometry of this heterooligomeric complex is R2M2S1 for endonuclease activity, and
M2Si for modification of hemimethylated or unmethylated DNA substrates (17, 45).
The hsd genes known so far are arranged in two contiguous transcription units.
HsdR is transcribed from one promoter, and hsdM and hsdS are transcribed from another.
The order that these transcriptional units appear on the chromosome is unique to each
type I family (Figure 1.1). In the IA and IB families, hsdR appears first, followed by
hsdM and hsdS, and transcription takes place in the same direction for all three genes.
Initial studies led researchers to believe that the genes appeared in the same order for all
three families (12, 38, 150), but it was then shown that the order for type IC is hsdM and
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hsdS, followed by hsdR (129, 130). KpnAI, a type ID R-M system, is also organized into
two transcriptional units with hsdM and hsdS as an operon, and hsdR expressed from its
own promoter (85). Studies of EcoR124I, a type IC system, have found that in addition to
expression from its own promoter, hsdR can be expressed by read-through of the
upstream promoter for hsdM and hsdS (80).
One reported exception to this genetic organization is a type I system from
Mycoplasma pulmonis, whose hsd genes are in an invertible segment, the hsdl locus. A
unique gene order, hsdS, hsdR, and hsdM was also found in this system, that can regulate
expression by DNA inversion (33). Because the hsdM and hsdS genes are located in front
of the hsdR gene, enzyme functions may be regulated to protect the cell against self
degradation by the restriction enzyme. The REBASE website (http://rebase.neb.com) or a
review by Wilson can be referred to for additional information about the genetic
organization of R-M systems (138, 169).
Diversity of Sequence Specificity
HsdS has two DNA binding domains, designated as target recognition domains,
or TRDs (37, 38, 48, 109). It appears that the amino- and carboxy-terminal variable
domains recognize the trinucleotide and tetranucleotide components of the recognition
sequence, respectively. Other domains, designated as conserved regions, have been
identified that are similar within systems belonging to the same family (40, 47, 63, 107).
Extensive polymorphisms have been found in hsd genes. Simple sequence repeats
have also been found in genes for lipopolysaccharide synthesis and cell-surfaceassociated proteins (139). Variation in these genes assists bacteria in evasion of the host’s
immune system. One example is the O antigen of a Salmonella enterica strain, encoded
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for by the rfb gene cluster (18, 165, 171). This evidence suggests that phase variation,
which is important to the survival of bacteria, is also relevant to R-M systems.
Comparative sequence analysis of hsdM genes from the same family shows extensive
polymorphisms (144). The families, IA, IB, and IC have been shown to contain repeat
sequences, which may be the result of gene duplication (63). In closely related strains,
polymorphisms have been shown to be the cause of a change in recognition sequence
specificity. One well-known example is a study of the type I R-M systems, EcoR124I and
EcoR124II (originally EcoR124/3). Price et al. showed that the difference in the
recognition sequences, GAA(6N)RTCG and GAA(7N)RTCG, respectively, is due to a 12
bp sequence that is repeated twice in EcoR124I and three times in EcoR124II. This 12 bp
sequence codes for the amino acid sequence TAEL. It appears that EcoR124II arose
spontaneously from EcoR124I by unequal crossing over (129). It is also possible that
strains can switch between these two specificities at a low frequency (46).
Bullas et al. found a novel specificity in a PI transductant that was determined to be a
hybrid of two parental hsdS genes (21). This new R-M system has a different specificity
than the parental strains S. typhimurium LTIII (originally SB) and S.potsdam SP systems,
and was designated SQ (Figure 1.2). The SQ genes were found to be allelic to the SB
system, and were shown by complementation experiments to function similarly to EcoKI
(21). Further proof that a recombination event created the StySQI specificity, came from
the construction of a reciprocal recombinant (109). A recombinant hsdS gene was created
from the 5’ region of the hsdS gene from StySBI, and the 3’ region from StySPI, and
recognized the hybrid sequence GAG(6N)GTRC. This recombinant was named StySJI
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(40). From these observations it has been proposed that specificity changes may occur in
natural environments.
In M. pulmonis, mentioned previously, not only are the genes in a unique order on an
invertible segment, but two hsdS genes, A and B, are present. The hsdSB gene is found on
the complementary strand, and by inversion of the DNA segment, the specificity can be
controlled (33).
As more sequence specificities are identified, phylogenetic studies will become
increasingly accurate leading to information about how new specificities are developed,
gained, or lost. Once desired specificities can be engineered in the laboratory, disease
detection methods including RFLP analysis will be greatly strengthened. If the presence
of disease alleles can be predicted or confirmed, more successful treatment modalities
and prevention approaches can ensue.
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Table 1.1 shows examples of each of the type IR-M families. The recognition
sequences usually consist of a trinucleotide component and a tetranucleotide component
separated by a 6-8 nucleotide random spacer. Interestingly, Murray has proposed that
within each family there is a characteristic number of nucleotides present between
methylated adenines on opposite strands (157). The distances for each family are
observed to be 8 bp for type IA, 9 bp for type IB, 7-8 bp for type IC, and 6 bp for type ID
(105). This proposal is further discussed in Chapter Six, including relevance to the new
R-M systems found in this work.
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Table 1.1. Families and DNA recognition sequences of type IR-M systems
Family

Enzyme

DNA recognition sequence

Reference(s)

Type IA

EcoKI
EcoDI
StyLTIII
StySPI
StySQI
StySJI

AAC(6N)GTGC
TTA(7N)GTCY
GAG(6N)RTAY G
AAC(6N)GTRC
AAC(6N)RTAYG
GAG(6N)GTRC

(62)
(111)
(110)
(110)
(21, 109)

EcoAI
EcoEI
CfrAI
StySKI

GAG(7N)GTCA
GAG(7N)ATGC
GCA(8N)GTGG
CGAT(7N)GTTA

EcoR124I
EcoR124II
EcoDXXI
EcoprrI
EcoDR2
EcoDR3
EcoRD2
EcoRD3
NgoAV

GAA(6N)RTCG
GAA(7N)RTCG
TCA(7N)RTTC
CCA(7N)RTGC
TCA(6N)RTTC
TCA(7N)RTTC
GAA(6N)RTCG
GAA(6N)RTCG
GCA(8N)TGC

Type IB

Type IC

(40)

(77, 151)
(24)

(63)
(156)
(130, 155)
(130)
(48, 120)
(163)
(48)
(48)
(48)
(48)
(122)

Type ID

StySBLI CGA(6N)TACC
(157)
(64)(this study)
KpnAI
GAA(6N)TGCC
Type IE ? KpnBI
CAAA(6N)RTCA
(J. Ryu, personal communication)
N = any nucleotide, R = either purine, Y = either pyrimidine
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Mechanism of DNA Recognition and Cleavage
Type I R-M systems recognize specific recognition sequences but cleave DNA at
a distance from the target site. Early analysis showed that type I endonucleases make
double-stranded breaks in unmodified DNA (97). It was proposed, from experiments
using EcoKI, that a conformational change in the endonuclease, dependent on ATP and
AdoMet, initiates restriction activity (Figure 1.3) (13). This result was later confirmed
using DNA footprinting (124). After binding, DNA is translocated in an ATP-dependent
manner leading to cleavage of DNA 1-7 kb from the recognition sequence (29, 57, 106).
One strand is cleaved at a phosphodiester bond when the two bound enzymes collide,
followed by cleavage of the opposite strand. Cleavage of linear DNA substrates with two
or more target sites was found to occur halfway between two recognition sequences
(149). Circular DNA with one recognition sequence can also be successfully cleaved, as
the DNA loop that is formed acts as a barrier to translocation. Recent experiments using
atomic force microscopy has shown that a dimer is formed between EcoKI bound at two
different sites on the DNA (30). Cleavage is also possible when only one recognition site
is present, due to blockage of translocation by secondary structure or by a protein (e.g.
repressor) bound to the DNA. This observation inferred that dimerization is not required,
but enhances cleavage (41, 58).
DNA binding proteins are critical to many cellular processes. The control of
replication and transcription is through proteins that bind DNA, including transcription
factors and repressors. Structural elements, such as helix-tum-helix and zinc finger motifs
are common to DNA binding domains and further study of R-M systems may lead to
important conclusions that may extend to other proteins. Some proteins such as
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recombinases, integrases, glycosylases, not only bind to, but also catalyze reactions on
the DNA similar to type IR-M systems.
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Identification of New R-M Systems
Distribution of R-M Systems
To date, 3,608 restriction enzymes have been found: 56 type I (1.5%), 3,542 type
II (98.2 %), and 10 type III (0.3%) (138). Recent data has revealed that 74%, 51%, and
21% of sequenced genomes have sequences homologous to either type I, II or III R-M
systems, respectively (74). Currently, there are 200 putative type I R-M systems listed on
REBASE. Kong (74) estimated that >80% of the sequenced genomes contained at least
one R-M system, and one strain of Helicobacter pylori is estimated to have
approximately two dozen R-M systems.
The majority of type I and III enzymes have been found in enteric bacteria.
Recently, however, DNA sequences homologous to all three types have been discovered
in many bacteria including: Bacillus subtilis (172), Citrobacter freundii (25), Klebsiella
species (85, 164), Lactococcus lactis (140, 141), Mycoplasma pulmonis (33), Pasteurella
haemolytica (53), Salmonella enterica (20), Spiroplasma citri (83), Haemophilus
influenzae Rd (34) and Methanococcus jannaschii (22). Genes coding for R-M systems
have also been found in some bacterial viruses (54) as well as viruses of the unicellular
algae, Chlorella (174, 175).
Table 1.2 illustrates that recent genome projects have revealed restriction
enzymes in most bacterial genomes (74, 135). Some genomes contain three hsd genes
and others have miscellaneous genes that are classified as ‘orphans’. Although there is a
relatively small number of genomes described in this table (15), approximately one-half
contain genes that are similar to those of type I R-M systems. Therefore we can predict
that type I R-M systems are likely to exist in almost the same number as type II, and that
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type III enzymes may also be more highly represented. The results of this screening
provide evidence that many more R-M systems have yet to be discovered (135). These
findings have renewed interest in discussions about the distribution, purpose and function
of R-M systems in general.

Table 1.2. Restriction-modification (R-M) systems found in recently sequenced bacterial
genomes (adapted from Kong) (74). These putative R-M systems were found based on
computer analysis.______________________________________________________
Type
Orphans*
I
II III
RMS
Genome Size (Mb)
Organism
7
1.67
Aeropyrum pernix
no candidates
1.55
Aquifex aeolicus
2
1
1
2.18
Archaeoglobus fulgidus
1
2
4.21
Bacillus subtilis
2
1.44
Borrelia burgdorferi
4
1.64
1
Campylobacter jejuni
4
2.65
Deinococcus radiodurans
2
1
4.60
Escherichia coli
1
1
2
3
1.83
Haemophilus influenzae
2
14
2
3
1.66
3
Helicobacter pylori
2
3
16
2
1.64
3
Helicobacter pylori
1
1
1.75
M. Thermoautotrophicum
1
2
8
1.66
3
Methanococcus jannaschii
1
1
4.40
M. tuberculosis
1
1
0.58
Mycoplasma genitalium
6
1
1
1
0.81
Mycoplasma pneumoniae
4
1
1.77
Pyrococcus abyssi
3
1.74
Pyrococcus horikoshii
1
1
1
3.57
Synechocystis species
1
1.16
Treponema pallidum
2
1
1
Ureaplasma urealyticum
0.71
1
17 11
20 73
6
TOTAL
* Genes found as incomplete R-M systems (not containing R, M, and S) are shown here
as orphans.
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Early Methods to Detect Restriction Activity
Smith and Wilcox used a viscometric assay to identify the first site-specific
restriction enzyme (now known as type II) from Haemophilus influenzae strain Rd. They
observed that when cell extracts of H. influenzae Rd were mixed with foreign DNA a
significant decrease in the viscosity of foreign DNA was observed, due to endonuclease
activity (146). However, when the same cell extracts were mixed with H. influenzae Rd
chromosomal DNA, there was no change in viscosity. This discrepancy in the action of
the restriction enzyme was explained by the modification of DNA by the host
methyltransferase. Further evidence for enzyme activity was shown when H. influenzae
cells were infected with radioactively labeled phage DNA. It was impossible to recover
the DNA due to apparent degradation.
In order to find the recognition sequence (base sequence of the recognition site),
they used phage T7 DNA as a substrate for endonuclease R. This digestion resulted in 40
double-strand breaks with 5’ phosphoryl and 3’ hydroxyl ends. The 5’ ends were labeled
with P and then characterized after digestion with several nucleases to produce mono-,
di-, tri, and tetranucleotide fragments. The sequence of the recognition site was
determined to be, 5’..pGpTpPypPupApC..3’. This led to a number of insightful
conclusions. These included the fact that the size of the fragments observed were between
1000 and 1300 bp, which falls in between 1,024 (45) and 4,096 (46) bp, the probabilities
of finding either a five or six base pair recognition site in any random DNA. Also, they
noted a two-fold rotational axis of symmetry of the recognition site, that ‘may reflect
underlying symmetry in the enzyme’. Their hypothesis has proven true in most cases
regarding type II restriction enzymes. However, they also qualified this hypothesis by
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allowing room for the possibility that some restriction enzymes might recognize
asymmetrical recognition sequences, similar to those of RNA polymerases (66).
Current Detection of Restriction Activity
Early observations by Arber and Morse revealed the phenomenon of hostcontrolled modification of bacteriophage (3). They also showed that DNA transferred
into a bacterial cell by conjugation was degraded by the host restriction enzyme (7).
Restriction enzymes will cleave any foreign DNA transferred into the cell by
conjugation, transformation or transduction methods, therefore limiting the exchange of
DNA and keeping the genetic material intact. In addition to the original viscosity assay,
several methods have been used to detect R-M systems. Methods to date are limited,
however, and include restriction and modification tests and DNA-DNA hybridization.
Traditionally, restriction enzymes were discovered using restriction and
modification tests requiring bacteriophages. This method requires the propagation of
phage in test strains, which may not always be susceptible to infection by phage
commonly used in laboratories (78, 143). Results from bacteriophage assays may also be
obscured by anti-restriction systems (78) found in a number of phage. Generally, this
method is not practical to screen bacterial strains for new restriction enzymes.
Because of their importance as molecular biology research tools, extensive
screens for type II restriction enzymes have been made. A traditional method to screen
bacterial strains for type II enzymes involves mixing cell extracts with known DNA
substrates, to look for distinct DNA fragments, following gel electrophoresis. After
restriction activity is detected, computer programs are used to analyze these fragments to
find the unique recognition sequence. Several computer programs are available, and one,
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REBpredictor, is freely available on the REBASE website (http://rebase.neb.com) (15,
138, 159). Based on the sizes of fragments produced from digestion of known DNA
substrates, the recognition sequences of type II restriction enzymes can be identified (43).
This program contains the patterns typically recognized by restriction enzymes and
generates a table of all possible digests produced by each example. A detailed discussion
of this method and the computer algorithms can be found in the original paper (43) or the
REBASE website directly (138). Other programs include MAPSORT and GAP from the
Genetics Computer Group software package (Madison, WI). This fragment analysis
method is limited to finding type IIR-M systems that demonstrate currently existing
digestion patterns. Type I enzymes, however, produce random DNA fragments and are
difficult to distinguish from non-specific nucleases, and therefore, may not be found
using this method. In the 1970’s and 80’s many new type II restriction enzymes were
discovered and made commercially available, and these enzymes are steadily being added
to the extensive list (138).
DNA-DNA hybridization, using DNA probes from cloned restriction and
modification genes, is a relatively new method to detect R-M systems, but can only find
similar DNA sequences. Barcus et al, used DNA probes designed from each of the three
chromosomally located type I R-M systems (IA, IB, and ID) to screen E. coli strains from
the ECOR collection (8). From the 37 strains tested, 17 sequences were found to
hybridize to one of the probes. Although useful, genes for new R-M systems might not
hybridize with any known probes. This was shown by Titheradge et al., who reported that
genes identified in three out of eight S. enterica serotypes did not hybridize with any
probe (158). To improve results from hybridization experiments, DNA sequence
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information of genes for R-M systems, found using the plasmid R-M test described here.
can be used to design new probes.
A related approach based on sequence similarities, uses bioinformatic tools, such
as the basic local alignment sequencing tool (BLAST) now being used extensively to
analyze DNA and protein sequences (2). Even though bacterial genome sequence
information is becoming increasingly available, this method will only find sequences that
are similar to those present in the databases. Currently, there are 200 putative type I R-M
systems listed in REBASE (138). These include genes and their potential protein subunits
that may form restriction-modification systems. Most of these were found by their
sequence similarity to known R-M systems. Therefore, new R-M genes that differ
significantly, may be overlooked. Another disadvantage is that this method cannot
distinguish between active and inactive genes.
Determination of DNA Recognition Sequences
Following detection of restriction activity, restriction enzyme recognition
sequences are identified using several methods (24, 40, 110, 157). Originally, DNA
recognition sequences were found by labeling the 5’ termini of the cleavage products
with [ P] phosphoryl groups and polynucleotide kinase (66, 167). Next, a vanety of
nucleases were used to digest the fragments, followed by analysis by chromatography or
electrophoresis. Terminal oligonucleotides that overlap, defined the recognition site.
Currently, DNA fragments obtained from digestion with crude extracts or purified
endonuclease, can be compared to a set of patterns generated by a computer to find type
II recognition sequences (43). Alternatively, substrate DNA can be labeled using a
purified methylase and then digested using several type II restriction enzymes. Following
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gel electrophoresis, labeled fragments are compared to find a common sequence (110).
An in vivo strategy (40) uses Ml 3 phage vectors containing DNA fragments of known
sequence (24). This method relies on the principle that a phage DNA fragment containing
an unmodified target site plates with a reduced efficiency when transferred into a strain
containing an R-M system (4).
Project Goal and Objectives
To advance the knowledge of restriction and modification (R-M) systems, new
DNA recognition sequences should be determined and new R-M systems discovered. To
accomplish this, an innovative method that can be applied to explore all three types of RM systems is needed.
GOAL: The project goal is to identify new DNA recognition sequences for
existing R-M systems and, if possible, identify new R-M systems.
OBJECTIVES:
1) To test the hypothesis that a reduction in the efficiency of transformation
(EOT) of 10'1 or less identifies the presence of a recognition sequence in a given
plasmid. Initial studies will include testing a set of six plasmids, pLl-pL6, containing
fragments of lambda DNA cloned into pMECA, a pUC derivative. Successful
transformation of pMECA, that contains an AmpR, will allow the bacterial cell to survive
in media containing ampicillin. R-M systems with known recognition sequences
including: type I (EcoBI, EcoAl, Ecol24I), type II (Hindlll), and type III (EcoPlI) will
be used in these preliminary studies. First, each plasmid DNA sequence will be evaluated
to determine the location or absence of a recognition site for each R-M system. For
example, EcoAl may have a recognition site in pL5 but not in pL6. By individually
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transforming each plasmid into a bacterial cell producing EcoAI, we would expect that a
reduction in EOT would be found for pL5 but not pL6, because the EcoAI restriction
endonuclease will recognize and subsequently cleave the plasmid. This reduction in EOT
would identify the presence of a recognition sequence for EcoAI in plasmid pL5. This
objective will determine if this measure (EOT) can be used to consistently distinguish
positive plasmids (containing a site) from negative plasmids (site absent) (Chapter 3).
2) To test the hypothesis that this plasmid R-M test, based on this EOT
principle, can be used to identify restriction enzyme recognition sequences. If it is
shown that a reduction in EOT identifies the presence of a recognition site in any
plasmid, this test can be used to identify unknown recognition sequences. There are ~60
known type I systems and 200 putative type I systems, but only a small fraction of their
associated DNA recognition sequences have been identified. For example, KpnAI is a
type I R-M system that has been well characterized using genetic analysis and
complementation experiments completed in our laboratory. However, the recognition
sequence for KpnAI was still unknown. In 1980, Bullas and colleagues reported type I RM systems from Salmonella strains that as yet have undetermined recognition sequences.
Here, the recognition sequence for KpnAI (85, 148) (157), a previously identified type I
R-M system, will be determined. In addition, three Salmonella R-M systems will be
evaluated to find their associated target sequences.
For this, an expanded set of pL plasmids (pLl-pL30) as well as an additional set of
plasmids, pE, will be tested for the presence or absence of KpnAI and Salmonella
recognition sequences using the plasmid R-M test. Next, RM Search (Chapter 5) will be
utilized to find one DNA sequence that is present in all positive and not contained in any
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negative plasmids. These additional plasmids are needed to provide smaller positive
DNA sequences for analysis. The results of this objective can be found in chapters 4 and
6.
3) To test the hypothesis that this can be used as a tool to discover new R-M
systems as well as their recognition sequences. Detection of restriction activity in E.
coli clinical strains will be screened for the presence of restriction activity, leading to the
identification of new R-M systems and their recognition sequences (Chapter 6).
4) To develop a method to locate the methylation sites for the seven newly
identified recognition sequences reported in this project. Complete characterization
of a recognition sequence includes the knowledge of the target methylation sites as well.
Therefore, an additional method was designed and employed to find the methylated
adenines in each recognition sequence. The results of this objective are shown in Table
7.1 (Chapters 4 and 6).

32

CHAPTER TWO
MATERIALS AND METHODS
Bacterial Strains and Plasmids
Bacterial strains and plasmids used in these studies are listed in Chapter 3
(Materials and Methods) and Table 4.1. Bacteria were grown in Luria-Bertani (LB)
medium and incubated at 37°C with the exception of strain WA921 (PI lysogen) that was
incubated at 30°C. Ampicillin was added to a final concentration of 200pg/ml.
Chloramphenicol and tetracycline were added to a final concentration of 20pg/ml.
Growth was monitored using optical density measurements at 510 nm.
Enzymes and Reagents
Reagents were purchased from Fisher Scientific (Hanover Park, Ill,) and Sigma
(St. Louis, MI). Restriction enzymes and T4 DNA ligase were obtained from New
England Biolabs (Beverly, Mass.), Promega (Madison, Wise.) and Fisher Scientific
(Hanover Park, Ill,). DNA sequencing and oligonucleotide synthesis was done either in
the core facility of the Center for Molecular Biology and Gene Therapy (CMBGT) at
Loma Linda University (Loma Linda, Calif), or Integrated DNA Technologies, Inc.
(Coralville, Iowa).
Restriction-Modification (R-M) Tests
R-M tests were performed using a plasmid transformation method described in
Chapter 3. Results are described as a relative efficiency of transformation (EOT) which is
defined as the number of AmpR transformants divided by the number of AmpR
transformants obtained from the control strain (Chapter 3). The two series of subclones,
pL (lambda DNA) and pE (E. coli K-12 chromosomal DNA) are described in Chapter 4.
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Plasmid DNA was prepared using either the Rapid Pure Miniprep (RPM) from
Biol01 (Carlsbad, Calif.), Wizard from Promega (Madison, Wise.) or Midiprep from
Qiagen (Valencia, Calif). Plasmids were digested with restriction enzymes and
electrophoresed in 0.8 % (0.8g/100ml) acrylamide gel using 0.5X TBE buffer.
Plasmid Purification
RPM Method (Bio 101)
One ml of overnight bacterial culture in L-broth containing the appropriate
antibiotic was centrifuged for one minute at 14,000 rpm and the supernatant was
discarded. Extra supernatant was removed using a pipette or aspiration. To resuspend the
cells, 50pl of pre-lysis buffer was added and mixed by vortexing. The cells were then
lysed by adding lOOpl of alkaline lysis solution and mixed by inverting the tube several
times and waiting for one minute for complete lysis. Next, 100 pi of neutralizing solution
was added, mixed briefly by vortexing, and centrifuged for two minutes to separate the
genomic DNA and cell proteins from plasmid DNA. Tubes containing a SPIN™ filter
were prepared and 250pl of GLASSMILK® was added. The supernatant was carefully
removed and applied to the filter. After a one-minute incubation to allow time for the
DNA to bind, the tube was centrifuged for one minute. The column was then washed
with 350pl of wash solution and then centrifuged twice for one minute. The filter was
transferred to a clean tube and 50pl of sterile ddHiO or TE buffer was added. To collect
the DNA the tube was centrifuged for one minute.
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Wizard®Plus Miniprep
One to five mis (5 mis were used to prepare plasmid for DNA sequencing) of
overnight culture, grown with aeration, was centrifuged in a microcentrifuge tube at
maximum speed. The cell pellet was completely resuspended in SOOpl of Cell
Resuspension Solution. After addition of 300pl Cell Lysis Solution the tube was inverted
four times and cell suspension cleared immediately. Neutralization Solution 300pl was
added and the tube inverted several times to mix. To form a pellet, the tube was
centrifuged for 5 minutes at maximum speed.
The next step was done using a vacuum method. One ml of resuspended resin was
added to each barrel of the Minicolumn/syringe assembly. The lysate was carefully
removed from the tube and added to the barrel of the Minicolumn/syringe assembly. A
vacuum was applied (at least 15 inches of Hg) to pull the resin/lysate mixture into the
Minicolumn. After the entire sample completely passed through, the vacuum was turned
off. Column Wash Solution (2 ml) was added to the syringe barrel and the vacuum was
reapplied. To dry the resin, the vacuum was continued for 30 seconds after the solution
was pulled through the column. The syringe barrel was removed, and the minicolumn
was transferred to a clean microcentrifuge tube, and centrifuged for 2 minutes. The
minicolumn was transferred again to a clean microcentrifuge tube, and 50pl of TE or
ddELO was added and the tube centrifuged for one minute.
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Cleaning and Desalting DNA using QIAEX II Kit
Three volumes of Buffer QXI were added to the DNA sample. A yellow color
indicated that the solution was at the correct pH. To resuspend, the matrix QIAEX II was
vortexed for 30 seconds and then 5 pi were added to the DNA solution. After a brief
incubation at room temperature, the tube was centrifuged at maximum speed for 30
seconds and the supernatant was discarded. The pellet was washed twice with 500pl of
Buffer PE and air dried for 10-15 minutes until the pellet was dry indicated by a white
color. The DNA was eluted by adding 20pl of TE or dd^O and incubating at room
temperature for 5 minutes. To collect the DNA the tube was centrifuged for 1 minute and
then the DNA was transferred to a clean tube.
Analysis ofDNA Using Agarose Gel Electrophoresis
Plasmid DNA or restriction digests were resolved using 0.8 to 1.2% agarose
(HGT SeaKem GTG, EMC Corp., Rockland, Maine) in TBE buffer containing ethidium
bromide [0.25 pg/ml]. Smaller fragments (>500 bp) were resolved using a higher density
(1.2%) of agarose. Gels were run in a Mini Submarine Agarose Gel Unit, Model HE33,
Hoeffer Scientific Instruments, San Francisco, CA) containing 0.5X TBE with ethidium
bromide [0.25 pg/ml] as the running buffer. A 10X loading buffer (IX TBE, 50%
glycerol, 1% bromophenol blue, 1% xylene cyanol) was added to the DNA samples. Ten
to 20 pi of the DNA sample was added to each well. A Ikb ladder was used as a marker
(Bethesda Research Laboratories Life Technologies, Inc., Gaithersburg, MD). The gels
were run at 100 V until the dye front had migrated -80% of the total gel length.

36

Plasmid Transformation
A simplified CaCb-heat shock method was used for plasmid transformation as
described in Chapter 3 with the following modifications. An overnight culture was
diluted 20 fold into 10 ml LB broth and incubated at 37°C on a rotating shaker to OD510 =
0.4 (~2.0 x 108/ml). One ml of culture was then centrifuged and washed with 1 ml of cold
lOOmM CaCb and concentrated ten fold by resuspension in lOOpl cold lOOmM CaC^.
Five pi (~10ng) plasmid DNA was then added to either lOOpl or lOpl (mini-scale) of the
cells prepared above and the mixture was kept on ice for 30 minutes. Cells were then heat
shocked for 90 seconds at 43°C and placed in ice for 30 seconds. One ml or 85pl (mini
scale) of SOC was added and the mixture was incubated for 30 minutes and plated on Lagar containing ampicillin (200pg/ml) or other antibiotics (chloramphenicol or
tetracycline 20pg/ml).
Confirmation ofRecognition Sequences Using Oligonucleotides
To prepare the vector for ligation a typical digestion protocol was as follows. The
following were added to a microcentrifuge tube for a total volume of 20pl: 6pl of sterile
ddFLO, lOpl of pMECA, 2pl of 10X digestion buffer (appropriate for the enzyme), and
2pl of restriction enzyme. The mixture was incubated overnight at 37°C overnight for
complete digestion. The DNA sample was dephosphorylated using Shrimp Alkaline
Phosphatase (SAP) (Life Technologies Inc.). This was accomplished by adding IX SAP
buffer and 1 pi of SAP were added. Linear pMECA was then cleaned and desalted using
the QIAEX II kit from QIAGEN for Desalting and Concentrating DNA solutions
(protocol above).
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Single stranded oligonucleotides were rehydrated in STE buffer (lOmM Tris, pH
8.0, 50mM NaCl, ImM EDTA). Strands were combined in equimolar amounts in a
microcentrifuge tube (50pl total). The formula for calculation of oligonucleotide
concentration is: Oligonucleotide Concentration (pmol/pl) = [(A26o/nil) (3 x 104)]/MW.
The mixture was heated to 94°C and slowly cooled to room temperature. A heat block
was pre-heated to 94°C, tubes were added and then the temperature was reduced to 55°C.
When the temperature reached 55°C the heat block was turned off and the tubes allowed
to cool to room temperature.
Phosphoryl groups were added to the 5’ end of the double-stranded
oligonucleotides by adding to the 50pl mixture, 6pl 10X Kinase buffer, Ipl MgCb (1M),
and Ipl ATP (lOOmM) and heating the tube to 70°C for 5 minutes. After briefly cooling
on ice, 3pl of T4 polynucleotide kinase was added and incubated at 37°C for 30 minutes.
Heating the tube to 65°C for 20 minutes inactivated the enzyme. The Roche Rapid DNA
Ligation Kit (Roche, Indianapolis, IN) was used for all ligations. To ligate the
phosphorylated oligonucleotide to linear pMECA, the following was placed into a
microcentrifuge tube: linear de-phosphorylated pMECA (0.5pi), phosphorylated
oligonucleotide DNA (5.0pl). To achieve a lOpl volume, 4.5pl of 10X dilution buffer
was added. Next, lOpl of 2X T4 DNA ligation buffer was added and the contents of the
tube were mixed. To make a final volume of 2Ipl, Ipl of T4 DNA ligase was added and
the tube was incubated at room temperature for 5 minutes. Transformation into E. coli
strain DH5a was done using lOpl of the ligation mixture. The CaCl2 transformation
protocol was as described previously (Chapter 3).
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CHAPTER THREE
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ABSTRACT
The presence of restriction enzymes in bacterial cells has been predicted by either
classical phage restriction-modification (R-M) tests, direct in vitro enzyme assays or
more recently from bacterial genome sequence analysis. We have applied phage R-M test
principles to the transformation of plasmid DNA and established a plasmid R-M test. To
validate this test, six plasmids that contain BamWl fragments of phage lambda DNA were
constructed and transformed into Escherichia coli strains containing known R-M systems
including: type I (iscoBI, EcokX, EcoMAl), type II {Hindlll), and type III {EcoPXY).
Plasmid DNA with a single recognition site showed a reduction of relative efficiency of
transformation (EOT-IO'MO"2). When multiple recognition sites were present, greater
reductions in EOT values were observed. Once established in the cell, the plasmids were
subjected to modification (EOT-1.0). We applied this test to screen E. coli clinical
strains and detected the presence of restriction enzymes in 93% (14/15) of cells. Using
additional subclones and the computer program, RM Search, we identified four new
restriction enzymes, Ecollll, Eco5%5\, Eco646\, and Eco777I, along with their
recognition sequences, GGA(8N)ATGC, GCC(6N)TGCG, CCA(7N)CTTC, and
GGA(6N)TATC, respectively, iscol 1581, an isoschizomer of EcoBl, was also found in
this study.
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INTRODUCTION
Phage DNA containing a recognition sequence for a host restriction endonuclease
is subject to cleavage, which is revealed by an efficiency of plating (EOP) equal to 10' 10'5 (1). Surviving phages, modified by the host methyltransferase, are protected from
restriction and have an EOP close to 1.0. Both the genetic and enzymatic basis of
restriction and modification (R-M) phenomena have been well elucidated and R-M
systems are now classified as types I, II, and III (2,3).
Among the 3,392 restriction enzymes found to date, 3,333 (98.3%) are type II (4).
This high percentage may be due to their ease of detection and high demand, but may not
necessarily reflect the actual distribution of R-M systems. Recent bacterial genome
projects including Archaea, have revealed that out of the first 28 completely sequenced
genomes, 74%, 51%, and 21% have sequences homologous to known type I, II or III RM systems, respectively (5). Sequences homologous to R-M systems could not be
detected in only four of the 28 genomes. Thus, it is possible to predict that many more
type I and III enzymes exist in nature.
Several methods have been used to detect R-M systems. Classical bacteriophage
(EOP) assay is a simple method to detect the presence of restriction enzymes. Many
bacterial strains, however, are not susceptible to infection by phages commonly used in
laboratories. Anti-restriction systems (6), present in many phages, can also obscure the
detection of R-M systems. An alternate method to screen bacterial strains for type II
enzymes involves mixing cell extracts with known DNA substrates to look for distinct
DNA fragments following gel electrophoresis. This method, however, may not be
suitable to find type I or type III R-M systems mainly due to either non-specific cleavage
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of DNA or to the presence of non-specific nucleases in the sample. After R-M genes are
cloned, DNA hybridization (7), or PCR can also be used to detect genes coding for
restriction enzymes Analysis of data from current bacterial genome projects is an
alternative method to find restriction enzymes, but is limited to currently sequenced
bacterial genomes.
Restriction enzyme recognition sequences are identified using several methods (811). Following cleavage of DNA with a purified restriction enzyme, fragments can be
compared to a set of patterns generated by a computer (12). This in vitro method is
commonly used to find the recognition sequences for type II enzymes. Alternatively,
substrate DNA can be labeled using a purified methylase and then digested using several
type II restriction enzymes. Following gel electrophoresis, labeled fragments are
compared to find a common sequence (8). An in vivo strategy (10) uses Ml3 phage
vectors containing DNA fragments of known sequence (9). This method relies on the
principle that a phage DNA fragment containing an unmodified target site plates with a
reduced efficiency when transferred into a strain containing an R-M system (13).
Restriction enzymes in the cell destroy not only invading phage DNA but also
DNA transferred by conjugation, transformation or transduction. To protect incoming
DNA, E. coli strains lacking restriction systems, such as DH5a (fit) and HB101 (r'e), are
commonly used. Previously, we developed two r'm+ S. typhimurium strains, LB5000 (14)
and JR501 (15) in which all three restriction enzymes are mutated.
To this date, no method has been reported that uses transformation to estimate the
presence of in vivo restriction and modification activities. Here we describe a quantitative
restriction and modification test using plasmid DNA and a CaCb-heat shock
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transformation method (16). To test the validity of the method, we constructed a series of
plasmids containing lambda DNA fragments. Lambda DNA was chosen because it
contains the recognition sequences for all known type I and III, and most type IIR-M
systems and the 48.5 kb DNA sequence is documented (17). Transformation efficiencies
of plasmids can vary due to both the properties of the cell and experimental conditions.
However, by using a standard cold CaCh-heat shock method and appropriate controls, we
found that efficiencies were very consistent.
RM Search, a computer program, was recently developed to identify recognition
sequences for restriction enzymes (18). We screened clinical E. coli strains for the
presence of restriction activity and here we report four new restriction enzymes and their
recognition sequences.
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MATERIALS AND METHODS

Bacterial strains
All bacterial strains used in this study are Escherichia coli. E. coli C ( r° m°) has
no R-M system and was used as a control in some experiments. Strain DH5a (r'K m+K) is
a restriction-minus mutant of EcoKl (16). Strains 2000 (r+B m+B) and 2379 (r+A hi+a)
produce the type IA and type IB R-M enzymes, EcoBl and EcoAl, respectively (19). The
type IC R-M enzymes, £’coR124I, were produced by £. coli C pEKU67 (r’K m+K r+i24i
m+i24i) (20). DH5a pJL4 (r+///„diii ni+//,„diii) contains the 2.2 kb fragment in pACYC184
and was used to produce the type II enzyme, f/indlll. This plasmid was constructed for
this study. Strain WA921 (r'K m'K r+pn nTpn, Plc/te) is a PI phage lysogen that produces
the type III enzyme EcoPlI (21). Clinical E. coli strains, EC377, EC585, EC646, EC777,
and EC 1158 were all obtained from Loma Linda University Medical Center.
Bacteria were grown in Luria-Bertani (LB) medium and incubated at 37°C with
the exception of strain WA921 (PI lysogen) that was incubated at 30°C. Ampicillin was
added to a final concentration of 200 pg/ml. Chloramphenicol and tetracycline were
added to a final concentration of 20 pg/ml. Growth was monitored using optical density
measurements at 510 nm.
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Enzymes and reagents
Reagents were purchased from Fisher Scientific (Hanover Park, Ill,) and Sigma
(St. Louis, MI). Restriction enzymes and T4 DNA ligase were obtained from New
England Biolabs (Beverly, Mass.) and Promega (Madison, Wise.). DNA sequencing was
done by the Center for Molecular Biology and Gene Therapy, Loma Linda University
(Loma Linda, Calif).

Plasmid transformation
A simplified CaCl2-heat shock method was used for plasmid transformation as
described previously (15) with the following modifications. An overnight culture was
diluted 20 fold into 10 ml LB broth and incubated at 37°C on a rotating shaker to OD510
= 0.4 (~2.0 x 108/ml). One ml of culture was then centrifuged and washed with 1 ml of
cold 100 mM CaCh and concentrated ten fold by resuspension in 100 pi cold lOOmM
CaCU Five pi (~10 ng) plasmid DNA was then added to either 100 or 10 pi (mini-scale)
of the cells prepared above and the mixture was kept on ice for 30 minutes. Cells were
then heat shocked for 90 seconds at 43 °C and placed in ice for 30 seconds. One ml or 85
pi (mini-scale) of SOC was added and the mixture was incubated for 30 minutes and
plated on L-agar containing ampicillin or other antibiotics.

Definition of efficiency of transformation
“Efficiency of transformation” (EOT) is defined in this study as the relative
number of transformants obtained, using the same amount of plasmid DNA, from the test
strain compared to the number of transformants obtained from the control strain. This
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term is analogous to the “efficiency of plating” (HOP) of bacteriophage. However, EOT
should not be confused with the commonly used term, transformation efficiency (16)
defined as the transformant number per pg of DNA. EOT is identical to the term “relative
transformation efficiency.”

Rationale of the plasmid R-M tests
Figure 3.1 shows the overall protocol and rationale of the test. In this scheme,
hypothetical recognition sites are shown in pL3 and pL5. When pL3 is transformed into a
bacterial strain containing a restriction endonuclease (R+), a reduction of the ampicillin
resistant transformants is expected when compared to the R' control bacteria, resulting in
an EOT = 10'1 to 1CT2. On the other hand, pL4, which does not contain a recognition site,
should not show a reduction of AmpR transformant numbers and the EOT should be equal
to 1.0. When modified plasmids are obtained and challenged to the same strain, the EOT
should be equal to 1.0.

47

Figure 3.1. A diagram showing the subcloning of the six lambda BamYil (HI) fragments
into pMECA (top) and the plasmid restriction (center) and modification test (bottom)
using a transformation method. In this figure, it is assumed that lambda BamR\ fragments
#3 (cloned in pL3) and #5 (pL5) each contain a recognition site (darkened area), whereas
fragment #4 (pL4) and the remaining fragments do not contain a restriction site. Plasmid
pMECA is a cloning vector and is represented as a solid line. R+ bacteria produce a
restriction enzyme that cleaves pL3, which has an unmodified recognition site. R'
bacteria have no restriction activity and are used as a control for the restriction test.
Modified pL3 can be isolated from surviving colonies following transformation. Using
this modified pL3, a modification test can be performed by transforming this plasmid to
both R' and R+ strains. Modified plasmids are expected to result in the same number of
the transformants in both strains.
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Calculation of EOT
Compared to phage experiments, the transformation process is more sensitive to
various physiologic conditions that may result in a change in transformation efficiency
between strains. For this reason, depending on the experimental conditions, four methods
were used in this study to calculate EOT values for each R-M system tested.
When an isogenic strain was available, the number of AmpR transformants obtained
from both the test strain (for example, DH5a pJL4) and the control strain (DH5a), was
normalized to the number obtained from the control strain, i.e. EOT = # AmpR
transformants test/# AmpR transformants control- All EOT values (pMECA, pLl through
pL6) were calculated using this process for the type II R-M system, Hin&lll.
A second method was used when pMECA, the original cloning vector, did not
contain any relevant recognition sites. In this case, EOT values obtained from the test vs.
control strains for pMECA were compared. When a subtle but consistent difference was
observed, this factor, (pMECA EOT test/pMECA EOT control) was considered in the final
EOT calculation. This subtle difference may be a reflection of a particular physiologic
condition, such as the presence of an additional plasmid carrying the R-M genes, or a
difference in the growth stage between strains. This method was used to calculate EOT
values for EcoR 1241.
When an isogenic strain was not available but a control plasmid was available, E.
coli C was used as a cell control and pMECA was used as a plasmid control. EOT values
were adjusted as described in the second method, E’coR124I, and the second
normalization step was always required. This third method was used to calculate the EOT
values for EcoBl and EcoAl.
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Lastly, when an isogenic strain was not available and the plasmid control,
pMECA, contained a restriction site, we used modified plasmid DNA to calculate EOT
values for all plasmids, including pMECA. This method was used to calculate EOT
values for the type III R-M system, Eco?\\ using E. coli C as a control. In this case, the
number of AmpR transformants obtained from the transformation of modified and nonmodified plasmids into the test strain was compared to the number of transformants from
the control strain. EOT values were then adjusted by the relative values obtained from
each EcoVW modified plasmid.

Lambda BamHi plasmid library construction
To clone the lambda BamRl fragments, 200 ng of lambda DNA dts857Sl, (17)
was completely digested with BarnRl and ligated into the BamRl site of pMECA (22), a
pUC derivative. The ligation mixture was transformed into E. coli DH5a using CaCbheat shock method (15) and the clones were selected by plating the mixture on L-agar
containing ampicillin and X-gal (5-bromo-4-chloro-3-indolyl-fi-D-galactoside) to a final
concentration of 40 pg/ml.
DH5a contains an active EcoKl modification methylase, thus plasmids should be
methylated at the EcoKl site. However, none of the known R-M systems tested have
recognition sites that overlap with any EcoKl site.
Plasmid DNA was then prepared using either the Rapid Pure Miniprep (RPM)
from Biol01 (Carlsbad, Calif.) or Midiprep kit from Qiagen (Valencia, Calif). Plasmids
were digested with restriction enzymes and electrophoresed in 0.8 % acrylamide gel
using 0.5X TBE buffer. A total of six clones, each containing a different lambda BamUl
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fragment were selected (Fig. 3.2). This set of six plasmids was designated pLl-pL6 (L
from lambda). Plasmids pL2 to pL6 consist of lambda

fragments and the vector,

pMECA. Plasmids pLl and pL6 contain the left (5') and right (3') end lambda fragments,
respectively, and have only one BamWl site resulting in a single band (Fig. 3.2). pLl was
obtained from a lambda BarnRl library as a clone with a single 8 kb (5.5 kb and 2.8 kb
vector) BamRl band. DNA sequencing showed that this plasmid contains 5.5 kb 5' end
BamRl fragment and, in addition, 255 bp of the lambda 3' end. This plasmid seems to be
a product of an aberrant ligation. pL6 was derived from a plasmid pLl-6, which has a
12.3 kb insert created by an end to end ligation containing both the 5' and 3' end lambda
BamYll fragments. To obtain pL6, pLl-6 was digested with AZxzI and self ligated. DNA
sequencing revealed that pL6 contains the entire 3' end BamYil fragment (6.8 kb) as well
as 408bp of the 5' end BamYil fragment.
The pE series subclones were derived from E. coli K-12 chromosomal DNA
(J.K.A.Kasarjian, et al., manuscript submitted).
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Figure 3.2. pLl to pL6 plasmid subclones derived from phage lambda. To construct the
pL series of subclones, lambda DNA was digested with BamWl and cloned into the
BamYil site of pMECA. The subclones are shown here after digestion with BamYil. Lane
M, 1 kb ladder, lane 1 to lane 6, pLl to pL6. Lanes 2, 3, 4 and 5 show both the inserts
(16.8, 5.6, 6.5, 7.2 kb, respectively) and the pMECA vector (2.8 kb). Plasmids pLl and
pL6 (5.8 and 7.2 kb inserts, respectively) contain a single BarnHY site and include the end
clones of phage lambda.

53

Screening of E. coli clinical strains for restriction activity
Clinical E. coli strains, collected from LLUMC laboratory, were grown on L-amp
plates (200 pg/ml) and cataloged according to ampicillin sensitivity or resistance.
Ampicillin sensitive strains were selected and transformed using the control plasmid
pMECA (AmpR). Highly transformable ampicillin sensitive strains were then tested using
the pL and pE series plasmids to determine restriction activity. Restriction activity was
considered positive when a reduction in EOT of 10'1 or less was observed. Modification
tests were done on positive plasmids to confirm that any reduction in EOT was a result of
the presence of one or more recognition sites in the plasmid DNA. Positive and negative
DNA sequences were then compared using the computer program RM Search (18), to
determine the recognition sequence for each system.
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RESULTS AND DISCUSSION
In order to estimate the in vivo restriction and modification (R-M) activity in
bacteria, six lambda BamRl fragments were cloned into pMECA (Fig. 3.2). Each of the
six plasmids, designated pLl to pL6, was then transformed into bacteria possessing a
known restriction enzyme and a corresponding modification methylase (plasmid
restriction test). A total of five R-M systems were selected, representing all three types of
R-M systems: EcoBl (type IA), EcoAl (type IB), Leo 1241 (type IC), HindWl (type II) and
Eco?\l (type III). Phage lambda contains at least one site for each R-M system as shown
in either Figure 3.3 (type I and II) or Figure 3.5 (type III). EcoAl, for example, has only
one recognition sequence located in pL5, whereas EcoRMAl has a total of 14 sites in
lambda, two or three in each plasmid.

Plasmid R-M tests for type I systems
Efficiency of transformation (EOT) data for each representative type I and type II
systems is shown in Table 3.1. Genes for both EcoBl and EcoAl R-M systems are located
on the chromosome at a unique allelic position (2). E’coR124I is expressed on a plasmid
(pEKU67) (20) in E. coli C. The vector pMECA, does not contain recognition sequences
for any of the type I R-M systems tested. It is expected that if there is no restriction
activity in the recipient cells, the EOT will be close to 1.0, whereas if there is restriction
activity, the EOT will be substantially reduced (Fig. 3.1). An EOT value as low as 10 -3
was observed for all the type I R-M systems tested {EcoB\, EcoAl and EcoKllAX). When
plasmid DNA contained a single recognition site, a 10'1 level of restriction was observed
for the EcoBl system and more than a 10" reduction was observed for EcoAl.
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The relationship between EOT and number of the sites was calculated and is
shown in Figure 3.4. A greater reduction of EOT was observed when plasmid DNA
contained more than one recognition site. These data suggest that the limiting factor for
this reaction is the number of restriction sites present in the plasmid and not the enzyme
concentration contained in the test strain. This agrees with previous observations that
bacteriophage DNA containing more recognition sequences is also more strongly
restricted (1).
Although EOT values should be equal to 1.0 when a plasmid does not contain any
target sites, observed EOT values fluctuated between 0.7 and 1.9 after the values were
normalized to the plasmid pMECA (Table 3.1). This fluctuation has also been observed
in phage EOF values and seems to be inherent to the experimental system (19).
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Average EOT values and standard deviations were calculated from the data shown in
Table 3.1.
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However, the obtained EOT values are sufficient to detect clearly the presence of even
one recognition sequence in the plasmid DNA.
To confirm that the reduction of EOT was due to the direct action of restriction
enzymes, a series of plasmid modification tests were performed for type I R-M systems.
For this test, plasmids were purified from any surviving AmpR colonies after the
restriction tests. Prior to the modification test, restriction enzyme analysis was performed
to confirm the structural integrity of the plasmid DNA. Plasmids smaller in size than
expected were occasionally observed. Only intact modified plasmids were transformed
into the original r+ and r' control strains and the EOT was calculated. We observed a
fluctuation of EOT values between 0.9 and 1.5, close to 1.0 (Table 3.2). Therefore, we
concluded that plasmids were successfully modified by the host methyltransferase.

Plasmid R-M test for type II R-M systems
In this experiment, E. coli DH5a cells containing HindlW clones (pJL4) were used
to represent type II R-M systems and the parental strain, DH5a, was used as a control. A
single Hin&lll site is located in pMECA (Fig. 3.3) and an EOT about 10'1 was observed
when pMECA was transformed into DH5a pJL4 (Table 3.1). A further reduction in EOT
was observed when plasmids contained additional restriction sites (pL3, pL5 and pL6)
(Fig. 3.4). EOT values similar to the pMECA control were observed for plasmids with no
additional restriction sites (pLl, pL2 and pL4). Modification tests using plasmid DNA
from surviving Hind\\\ clones clearly showed that the plasmids were modified by the
host modification methylase (Table 3.2). These results suggest that type II enzymes can
also be detected using this transformation method.
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Plasmid R-M tests for type III R-M systems
Similar experiments were performed using the type III R-M system, EcoVW.
Enzyme EcoPW recognizes a pair of nonmethylated inversely oriented recognition sites
(S’AGACCB5) (23). All PI recognition sites are shown along with their orientation
(Figure 3.5). Previous in vitro experiments, using Eco?\5l, have shown that the distance
required between the two sites varies from 13 bp to 3.5 kb (23). It has been observed that
stronger restriction activity occurs when a shorter distance is present between inversely
oriented sites. More recent work shows that a distance of less than 100 bp decreases the
DNA cleavage efficiency of Eco?\5\ (24). Although the minimum or maximum
distances necessary between two EcoPW sites for restriction activity in vivo have not yet
been established, we assumed that EcoVW would behave similarly to Eco?\5l.
Three recognition sites, forming two possible PI pairs, are present in the pMECA
vector. The distance between the shorter PI pair in circularized pMECA is 2.6 kb. E. coli
C and modified plasmid DNA were used as controls. All results for the EcoVW restriction
tests were normalized to modified plasmid EOT values (Fig. 3.6). To illustrate the results
more clearly, a bar graph was used to show EOT values for the EcoVW R-M system (Fig.
3.6). Many potential EcoVW pairs exist in each plasmid. To make the interpretation of the
data easier, only EcoVW pairs separated by a distance of less than 3.5 kb, with the
exception of the pair in pL3 (8.2 kb), are shown as solid arrows in Figure 3.5.
Weak restriction (EOT ~ 10'1) was observed for those plasmids containing only
one or two potential pairs, such as pMECA, pL3, pL4 and pL6. Results for the remaining
plasmids were more clear. Both pLl and pL5 contain three potential EcoVW pairs and the
EOT was 10”2 , whereas pL2 contains four potential pairs and the EOT was 10”3 .As seen
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for both type I and type IIR-M systems (Fig. 3.4), the reduction of EOT for the type III
R-M systems was also greater when plasmid DNA contained more potential target sites.
Compared to type I and II enzymes, detection of a single site in plasmid DNA may be
difficult since the reduction in EOT is not as dramatic.

Screening of clinical E. coli strains for restriction activity using the plasmid R-M
test
To apply this method to clinical strains, ampicillin sensitive E. coli strains were
collected from Loma Linda University Medical Center. The transformation frequency for
each strain was determined using plasmid pMECA. Among the 700 strains tested, 15
strains showed a comparable transformation frequency to the DH5a control strain. These
fifteen transformable strains were then tested using plasmids pLl through pL6 to
determine restriction activity. Restriction activity was measured by efficiency of
transformation (EOT). Modification tests were done when the EOT was 10'1 or less to
confirm that any reduction in EOT was the result of the presence of one or more
recognition sites in the plasmid DNA. Plasmid pL5 was not transformable into many of
the clinical strains, so was not used in further studies. Out of fifteen strains tested.
fourteen showed restriction activity (data not shown). Therefore, 93% of strains tested
had at least one R-M system. Restriction activity could not be identified if the restriction
enzyme recognizes a sequence that does not exist in phage lambda DNA.
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Figure 3.5. Possible EcoPW sites present in pMECA and the pL series plasmids. Plasmid
DNA is shown in a linear form after digestion with BamRl. Type III R-M systems require
a pair of inversely oriented Eco?\ \ sites. Each arrow represents one EcoPW site, and a PI
pair, formed of two inversely oriented sites, is shown in the inset. Pairs separated by a
distance of less than 3.5 kb are shown as solid arrows. In some cases, additional pairs can
be formed using a similar end. For clarity, only the shortest pairs are counted in the
parentheses at the left.
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Figure 3.6.
plasmid restriction test. All plasmids were transformed into strain
WA921 using E. coli C as a control. Modified plasmids were then obtained and
transformed into each strain. Details of the EOT calculation are described in the material
and methods section.
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Determination of the recognition sequences for the R-M systems of E. coli strains
EC377, EC585, EC646, EC777, and EC1158
Strains EC377, EC585, EC646, EC111, and EC1158 were selected for further
study. To determine the recognition sequence of these five strains, the newly developed
pE series of plasmids (J.K.A.Kasaijian et al, manuscript submitted) were used in
addition to plasmids pLl to pL6 described in this paper. A reduction of EOT (-lO1) was
used to identify the presence of a target site in positive plasmids. When an ambiguous
EOT, 0.1 to 0.5, was obtained, a modification test was performed. The RM Search
program identifies nucleotide sequences that exist in all positive plasmids and are absent
from all negative plasmids. One recognition sequence was identified for each strain
(Table 3.3). These putative sequences were confirmed by constructing pMECA plasmids
for each strain containing the specific recognition sequence in a 19 bp oligonucleotide.
Plasmid R-M tests were performed using these plasmids to confirm the target sequences.
EOT values for the restriction tests were all less than 10' whereas the values for the
modification tests were close to 1.0 (Fig. 3.7).
Unique type I sequences were found for strains EC377, EC646, and EC777 (Table
3.3). The tetranucleotide component of the recognition sequence for Eco?>ll\ is identical
to that of EcoEI (GAG(7N)ATGC). Similarly, Eco6A6\ and Eco?u\ (CCA(7N)RTGC)
share a common trinucleotide component in their recognition sequences. These
similarities may predict a high degree of similarity in the amino acid target recognition
sequence (TRD) of these enzymes (9). EcoKl and StySVl, members of the IA family, also
share an exact trinucleotide component and their amino TRDs share 90% identity (25).
The recognition sequence found for strain EC 1158 is identical to the EcoBl (type I A)
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sequence (26-28). An interesting comparison could be made between the nucleotide and
protein sequences for the prototype type IA enzyme, EcoB\ and £col 1581. The iscoSSSI
sequence, GCC(6N)TGCG, resembles a type I sequence, but may be a type II sequence
since there are no target adenines for methylation in the trinucleotide component.
However, when a cell extract of EC585 was mixed with substrate DNAs of known
sequence the predicted banding pattern was not observed possibly due to the presence of
non-specific nucleases. Thus, further study is necessary to identify the character of this
restriction enzyme.
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Figure 3.7. Recognition sequence confirmation using plasmid R-M test. EOT data for
restriction and modification tests are shown as solid and striped bars, respectively.
Bacterial strain DH5a and plasmid pMECA were used as controls.
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Table 3.3. Plasmid restriction test results for is. coli clinical strains.
Plasmid
EC377
pMECA
pLl
pL2
pL3
pL4
pL6
pE2
pE3
pE4
pE5
pE6
pE8
pE9

+
+
+
+
+
+
+
+

ECS 85

Strain
EC646

+

+

EC777

EC1158
+

+
+
+
+
+
+
+

+
+
+
+
+

+
+
+

+
+
+

+
+

pElO
pEl 1
pE12
pE14
pE15
pE16
pE17
pE18
pE19
pE22
pE23
pE24
pE25
pE26
pE28
pE29
pE31
pE32
pE33
pE38
pE41
pE44
pE45
Recognition
sequence
Type

+
+

+
+

+
+

+
+

+
+

+
+

+
+
+

+
+

+

+
+
+

+

+
+

+
+

+
+

+

+
+

+
+

+
+

+

+

+
+

+

+

GGA(8N)ATGC

GCC(6N)TGCG

CCA(7N)CTTC

GGA(6N)TATC

TGA(8N)TGCT

I (new)

II (?) (new)

I (new)

I (new)

I CEcoBI
isoschizomer)

+

Plus (+) or minus (-) indicates the presence or absence of a recognition sequence in each
plasmid.
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Advantages of the plasmid R-M test
All plasmids containing recognition sequences showed a reduced EOT (0.3 to 7.8 x
10" , Table 3.1 and Fig. 3.6) and we conclude that this plasmid transformation method is
useful to detect the presence of restriction enzymes in E. coli. Restriction activity can
theoretically be detected in any transformable bacteria. However, additional sets of
plasmids may be needed to overcome bacterial host ranges.
To detect restriction activities in the cell, the same principle may be applied to other
transfer methods including transduction and conjugation. Compared to these transfer
systems, the plasmid transformation system can be used with a wide variety of bacterial
strains by using different selection markers. To detect recognition sequences using a
computer, it is essential to have a variety of DNA sequences that may or may not contain
the recognition sequence (18). Since plasmid DNA is easy to manipulate, this
transformation system is more practical than other methods of DNA transfer.
Recently, we also applied this method to determine the recognition sequence for
KpnPd, a type I restriction enzyme from Klebsiella species (J.K.A.Kasarjian et al.,
manuscript submitted). This method is especially useful for type I enzymes because their
cutting sites give little information about the actual location of their recognition
sequences and many known type I R-M systems have unknown recognition sequences
(4).

Sixteen sequences coding for restriction or modification genes were found in
Helicobacter pylori, however only four of these systems are expressed (5). Our present
method offers an advantage as it detects in vivo expression of restriction enzymes. After
new enzymes are identified and cloned, DNA hybridization can then be used to screen
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many bacterial strains for homologous sequences as demonstrated by Barcus using the
ECOR collection (7). Identification of more type I enzymes with similar recognition
sequence specificities and comparing the corresponding portion of their HsdS subunits,
may lead to important information about protein-DNA interactions (29). Further analysis
of new R-M enzymes may help explain the development of diversity of R-M systems.
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ABSTRACT
KpnAl is a type I restriction-modification (R-M) system found in Klebsiella
oxytoca strain M5al (formerly Klebsiella pneumoniae). The recognition sequence for
KpnAl was determined using a plasmid transformation method and the newly developed
computer program, RM search. For this test, two sets of plasmids, pL and pE, were
constructed that contain phage lambda and Escherichia coli K-12 chromosomal DNA
fragments, respectively. The KpnAl recognition sequence was identified as
GAA(NNNNNN)TGCC, a typical type I bipartite recognition sequence separated by a
random six-nucleotide spacer. For confirmation, an oligonucleotide containing this
sequence was synthesized, cloned into plasmid pMECA, and transformed into Klebsiella
strain M5al resulting in a large reduction in efficiency of transformation (EOT). Further,
using the known methylation sensitivity of Hindlll, we confirmed that the KpnAl
methyltransferase modifies the second adenine (A) in the trinucleotide component and
the only A in the tetranucleotide component of the complementary strand. Comparison
of the recognition sequences of KpnAl and StySBLl, the prototype of the type ID family.
shows significant base sequence similarity.

Keywords: KpnAl recognition sequence ■ plasmid transformation method • type I
restriction enzyme • DNA restriction and modification ■ KpnAl methylation site
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INTRODUCTION
Type I restriction-modification (R-M) systems consist of three genes {hsdR, hsdM
and hsdS) and many have been allocated to one of four families (IA, IB, IC and ID),
based on characteristics such as amino acid similarity and complementation (Bickle and
Kruger 1993; Titheradge et al. 2001). All three genes are located contiguously, but the
gene order is variable (Murray 2000). Type I restriction enzymes are multi-functional
and are made up of three subunits that behave as either a restriction endonuclease or a
methyltransferase depending upon the methylation status of the recognition sequence.
The specificity subunit recognizes a bipartite DNA sequence, 13 to 15 bp in length, with
a 3-4 bp component, a 6-7 bp random spacer sequence followed by a 4-5 bp component.
Type I enzymes consistently methylate both strands of the recognition sequence at the N6
position of a specific adenine.
Although many type I enzymes have been identified in the recently sequenced
bacterial genomes, the recognition sequences of only 13% (18 of 135) are known
(Roberts and Macelis 2001). Recognition sequences for type I restriction enzymes have
previously been found using several methods (Cowan et al. 1989; Gann et al. 1987;
Nagaraja et al. 1985; Titheradge et al. 2001). An in vitro method, commonly used to find
the recognition sequences for type II enzymes, involves cleaving DNA with a purified
restriction enzyme and comparing the pattern of fragments with a set of patterns
generated by a computer (Gingeras et al. 1978). Another in vitro method, requires a
purified methylase to label substrate DNA of known sequence and then digesting DNA
using several type II restriction enzymes to separate labeled fragments (Nagaraja et al.
1985). Using computer analysis, the labeled fragments are then compared to find a
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common recognition sequence. An in vivo strategy (Gann et al. 1987) uses Ml3 phage
vectors containing DNA fragments of known sequence (Cowan et al. 1989). This
method is based on the principle that a phage DNA fragment containing an unmodified
target site plates with a reduced efficiency when transferred into a strain containing an RM system (Arber 1974; Dussoix and Arber 1965). Similar observations were made
regarding bacterial conjugation (Arber and Morse 1965).
We have modified this in vivo approach and established a quantitative R-M
system in E. coli using a set of plasmids containing phage lambda DNA (Kasaijian et al.
2003). Plasmids with unmodified recognition sites are cleaved, whereas modified
plasmids and those lacking a given recognition sequence are not subject to restriction.
Restriction activity is seen as a reduction in the efficiency of transformation (EOT) of 10'
or less. This method is useful for a broad host range of bacteria and here we have
applied it to a restriction system from Klebsiella oxytoca.
The KpnAl R-M system was discovered in Klebsiella oxytoca M5al, a strain
formerly known as K. pneumoniae (Lee et al. 1997; Streicher et al. 1974). The R-M
genes were cloned and KpnAl was identified as a member of the newly identified type ID
family (Lee et al. 1997; Titheradge et al. 1996). Using plasmid transformation we
determined the presence or absence of a KpnA\ recognition sequence in a series of
plasmids. Positive and negative DNA sequences were then compared using the computer
program RM Search (Ellrott et al. 2002) which was developed for this purpose. In
addition, we determined the methylation sites of KpnAl by using the sensitivity of the
type II restriction enzyme, Hindlll, to site-specific modification at 6-methyladenine. The
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recognition sequence and methylation sites of KpnAl were compared to those of ^(ySBLI
(Titheradge et al. 1996), the prototype of the type ID family.
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MATERIALS AND METHODS

Reagents, strains, and plasmids
Bacterial strains, phage, and plasmids used in this study are listed in Table 4.1.
M5alR, an r'm+ mutant, was isolated from M5al using nitrosoguanidine mutagenesis.
Bacteria were grown in Luria-Bertani (LB) medium and incubated at 37° C with
vigorous aeration. Ampicillin was added to a final concentration of 2 mg/ml. Growth
was monitored using optical density measurements at 510 nm.
Chemical reagents were purchased from Fisher Scientific (Hanover Park, Ill,) and
Sigma (St. Louis, MI). Restriction enzymes and T4 DNA ligase were obtained from New
England Biolabs (Beverly, Mass.) and Promega (Madison, Wise.). DNA sequencing was
done in the core facility of the Center for Molecular Biology and Gene Therapy at Loma
Linda University (Loma Linda, Calif).
Using pMECA as the plasmid vector, a series of lambda subclones (pL series)
were developed from both original lambda DNA and from the six lambda BamYU. clones
described previously (Kasarjian et al. 2003) A second series of plasmids (pE series) were
developed using the Kohara E. coli K-12 chromosomal library that was made in a lambda
vector (Blattner ^

1997; Kohara ^ a/. 1987). These chromosomal fragments were

subcloned into the EcoRl site of the pUC9 vector.
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Table 4.1 Bacterial strains and plasmids
Strain or plasmid

K. pneumoniae
M5al
M5alR
E. coli
DH5a
Plasmids
pJR51

Relevant phenotype, genotype
or description

Source or reference

R+ KpnAI M+ KpnAI

R' KpnAI M+ KpnAI

(Streicher ^ a/. 1974)
{Lqq et al 1997)

R

Lab stock

k

M+ k

hsdR+ KpnAI? hsdM* KpnAI? hsdS+ KpnAI

(Titheradge et al. 2001)

Lambda subclones* 1
pLl
pL2
pL3
pL4
pL5
pL6
pL7
pL8
pL9
pLIO
pLl 1
pL12
pL13
pL14
pL15
pL16
pL17
pLl 8
pL19
pL20
pL21
pL26
pL27
pL28
pL29
pL30

5.5 kb itawHI clone of phage lambda
16.8 kb BamR\ clone of phage lambda
5.6 kb BamRl clone of phage lambda
6.5 kb BamRl clone of phage lambda
7.2 kb BamHl clone of phage lambda
6.8 kb BarnHl clone of phage lambda
3.4 kb Subclone of pLl
6.5 kb Subclone of pL2
10.3 kb Subclone of pL2
3.8 kb Subclone of pL4
1.4 kb Subclone of pL7
3.1 kb Subclone of pL8
1.1 kb Subclone of pL9
0.13 kb Subclone of pLl 1
3.7 kb EcoRM clone of phage lambda
2.0 kb HindlW clone of phage lambda
2.3 kb //mdlll clone of phage lambda
0.56 kb HindlW clone of phage lambda
6.6 kb Hin&\\\ clone of phage lambda
1.6 kb Subclone of pL 19
0.77 kb Subclone ofpL20
4.9 kb EcoRJ clone of phage lambda
5.6 kb EcoRl clone of phage lambda
5.8 kb EcoRl clone of phage lambda
3.9 kb EcoRN clone of phage lambda
1.7 kb EcoRy clone of phage lambda
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(Kasaijian et al.
(Kasaijian et al.
(Kasaijian et al.
(Kasaijian et al.
(Kasaijian et al.
(Kasaijian et al.
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study

2003)
2003)
2003)
2003)
2003)
2003)

E. coli subclones* 1

pE2
pE3
pE4
pE5
pE6
pE8
pE9
pElO
pEl 1
pE12
pE14
pE15
pE16
pE17
pE18
pE19
pE22
pE23
pE24
pE26
pE28
pE29
pE31
pE33
pE38
pE44
pE45

E. coli map coordinate

5.8 kb
2.8 kb
4.1 kb
11.4 kb
8.1 kb
12.9 kb
1.7 kb
1.9 kb
3.0 kb
5.1 kb
4.4 kb
4.8 kb
4.5 kb
3.2 kb
6.5 kb
4.9 kb
6.2 kb
2.6 kb
1.6 kb
3.9 kb
0.6 kb
3.7 kb
3.1 kb
2.4 kb
0.6 kb
1.0 kb
16.6 kb

(Blattner ef <2/. 1997)

1557431-1563188
1608569-1611375
1565001-1569077
1593721-1605160
1402492-1410639
1505286-1518231
1523044-1524690
1582185-1584064
1465811-1468761
1479912-1485078
1553017-1557430
1518232-1523043
1426716-1431168
1584065-1587223
1524691-1593720
1468762-1473696
1473697-1479911
1456295-1458942
1563189-1564830
1647821-1651757
1674657-1675295
1342364-1346037
1336254-1339389
1339984-1342363
1339390-1339983
1278264-1279262
1265543-1280035

This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study

plasmid with KpnAl site
plasmid with KpnAVHindlll sites
plasmid with KpnAVHindlll sites
plasmid with KpnAVHindlW sites

This study
This study
This study
This study

Oligonucleotide subclones
pKpnAl
pKpnAIHl
pKpnAIH2
pKpnAIH3

*] Locations of Lambda and E. coli subclones are shown in Figure 4.1
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Restriction-Modification (R-M) tests
R-M tests were performed first using bacteriophage lambda (Bullas et al. 1980)
and the results were reported as EOF (efficiency of plating) (Arber and Linn 1969). All
other R-M tests were performed using a plasmid transformation method (Kasaijian et al.
2003). Because most Klebsiella strains are naturally resistant to ampicillin at 200 pg/ml.
a higher concentration of ampicillin (2 mg/ml) was used to obtain transformants. Results
are described as a relative efficiency of transformation (EOT) which is defined as the
number of AmpR transformants divided by the number of AmpR transformants obtained
from the control strain (Kasaijian et al. 2003).

Cloning of oligonucleotides
Oligonucleotides were synthesized in the core facility of the Center for Molecular
Biology and Gene Therapy (CMBGT)(Loma Linda, Calif). Single stranded DNA was
heated to 90°C and then annealed at room temperature. Double stranded
oligonucleotides were ligated into the E'coRV site of pMECA and the mixture was
transformed into E. coli DHSoc using CaCf-heat shock method (Ryu and Hartin 1990).
Clones were selected by plating the mixture on L-agar containing ampicillin and X-gal
(5-bromo-4-chloro-3-indolyl-B-D-galactoside) to a final concentration of 40 pg/ml. The
resulting clones were sequenced at the CMBGT core facility.

RM Search computer program
We developed a computer program “RM search” to detect a unique DNA
sequence present in all plasmids containing a recognition sequence (positive) but absent
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in the plasmids which do not contain the recognition sequence (negative) (Ellrott et al.
2002). RM search can be used to find type I and II recognition sequences as well as
degenerative sequences.

RESULTS AND DISCUSSION
KpnAl recognition sites in lambda DNA
Originally, KpnAl restriction {ksdR^pS) and modification genes {hsdM^M and
tefSicpnAi) were cloned separately (Lee et al. 1997). These clones were combined to form
a complete KpnAl R-M system designated pJR51 (Titheradge et al. 2001). To determine
the presence of KpnAl sites in lambda DNA, a classical R-M test was performed. DH5a
cells containing pJR51 were plated on L-agar and infected with a serial dilution of
unmodified phage lambda (lambda.0). Results showed that propagation of phage was
strongly restricted (EOP=10'5). Modification tests verified that the surviving phages
(lambda.KpnAl) were completely modified (EOP=1.0). Lambda DNA contains five
EcoKl recognition sites and in our experience lambda phages are restricted 103 tol0'4by
E. coli K12 (Rk+) strains. Strong restriction by KpnAl producing cells suggests the
presence of multiple KpnAl recognition sequences in lambda DNA.

The recognition sequence of KpnAl
To confirm the presence of KpnAl recognition sequences in lambda DNA,
plasmids were tested using a plasmid transformation method (Kasaijian et al. 2003).
Klebsiella strains M5al(R+) and M5alR (R‘ mutant) were used as recipients. When the
plasmid vector, pMECA, was transformed into each strain, an equal number of AmpR
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transformants were obtained (EOT = 1.0) confirming that pMECA does not contain any
KpnAl sites. Six lambda BamY{\ plasmids, pLl to pL6, (Kasaijian et al. 2003) were
tested and strong restriction (EOT = 10'1 to 103) of plasmids pLl, pL2 and pL4 was
observed indicating the presence of one or more KpnAl recognition sites. These plasmids
were defined as ‘‘positive”. Two of the plasmids, pL3 and pL6, did not show any
reduction in transformant numbers (EOT = 1.0) and were defined as “negative”.
Transformation of pL5 into neither M5al nor M5alR was successful probably due to
lambda gene expression in Klebsiella.
When all positive and negative DNA sequence data were entered into the RM
search program (Ellrott et al. 2002) more than one hundred candidate type I recognition
sequences were found. To limit the number of candidate sequences, small positive clones
or large negative clones were necessary. Thus, we constructed a number of additional
subclones from the original “positive” pL series plasmids. Lambda DNA was also
digested with EcoBl, EcoBN, or Hind III to obtain fragments for subcloning. This series
of subclones, pL, are described in Figure 4.2A. Plasmid restriction tests were performed
and the EOT values are described in Figure 4.2A. The presence or absence of the KpnAl
site was obvious (Figure 4.2A) since EOT values were close to 1.0 when the plasmid had
no sites (negative plasmids) and less than 10'1 when the plasmid contained at least one
site (positive plasmids). A computer search using this additional data narrowed the
search to seven type I sequences.
We then developed an additional series of plasmids (pE), which contain fragments
ofE. coli genomic DNA ligated into pUC9 (Figure 4.2 B, pE2 to pE45). EOT values for
the pE series plasmids are shown in Figure 4.2B. EOT values of less than 0.1 indicated
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the presence of at least one recognition site. Our results showed that half of the pE series
plasmids (13/26) contain a.KpnAl site.
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Fig. 4.1 pL series plasmid subclones derived from phage lambda DNA (A) and pE series
plasmids derived from fragments of E. coli K-12 chromosomal DNA (B). Each number
and the corresponding box represent the plasmid inserts. The triangles and arrows show
the location and direction of the KpnA\ sites predicted from this study. Restriction sites
are also shown; HEftamHI, RI:£coRI, RV:£coRV, HIIEZ/mdlll, PERM, NEMM,
BHIERwHII and ShSphl. All chromosomal fragments in the pE series plasmids were
cloned into the RcoRI site.
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Fig. 4.2 EOT values obtained from pL series plasmids (A) and pE series plasmids (B).
Each plasmid was transformed into both strains M5al and M5alR (control). Relative
transformant numbers (EOT) were calculated. The number of KpnAl sites varies from 0
to 3. The range of EOT values for each KpnAl site are shown on the right. Standard
deviations are shown as error bars.
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Modification tests were done to confirm the presence of a recognition site in each
positive plasmid. When the EOT was less than 10"1, modified plasmids were isolated
from ampicillin resistant colonies and were transferred again into M5al and M5alR. In
every case, EOT values were close to 1.0 (values varied from 0.8 to 1.3). These results
confirm that surviving plasmids were completely modified by the KpnAl
methyltransferase.
When the sequence data of the first few pE series plasmids were entered into the
RM search program in addition to the pL series sequence data only one sequence,
GAA(NNNNNN)TGCC, a typical type I bipartite sequence, was found. Further analysis
showed that this sequence exists in all positive pE series plasmids and is absent from all
negative plasmids. Thus we concluded that this sequence is the best candidate for the
KpnPd recognition sequence.
For confirmation, 19 base pair oligonucleotide containing this KpnAl sequence
(Fig. 4.3A) was synthesized and cloned into the ZTcoRV site of pMECA. This
oligonucleotide contains an Mlu\ site, which does not exist in the vector, to easily identify
the insert. An EcoKW site was created at both ends of the oligonucleotide for cloning
purposes. A restriction test using this plasmid, pKpnAI, resulted in an EOT of 2x10 -2
confirming the presence of the KpnAl recognition site. pKpnAI DNA was purified from
the surviving colonies and a modification test showed that plasmids were completely
modified by M5al as expected (EOT=1.0).
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A

ATCGAAACGCGTTGCC gat
EcoRV

B

Mlul

EcoRV

1. ATCGAAGCTTGCTGCC gat
EcoRV

Hindlll

EcoRV

2. ATCGAAAGCTTCTGCC GAT
EcoRV

HindlU

EcoRV

3. ATCGAACAAGCTTGCC GAT
EcoRV

HindlU

EcoRV

Fig. 4.3. Oligonucleotides used to confirm the recognition sequence (A) and to determine
the methylation sites for KpnAl (B). Oligonucleotides B-l and B-2 were used to
determine the methylated adenine in the prime strand and B-3 was used for the
complementary strand. The Kpn Al sequence is shown in bold. Plasmids containing
these oligonucleotides are shown, from top to bottom: pKpnAI, pKpnAIHl, pKpnAIH2
and pKpnAIH3.
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Figure 4.4 shows the KpnA\ sequence in each “positive” plasmid. Lambda DNA
contains a total of seven KpnPd recognition sequences, explaining the strong restriction
observed above. Nucleotides on either side of the recognition sequence as well as the
spacer region were completely random. The location and direction of all the KpnPd
sequences in the pL and pE series are shown in Figure 4.1. Twenty-three KpnPd sites, 7
in lambda DNA and 16 in the 127 kb E. coli chromosome region, were found. The
frequency of the occurrence of KpnPd sites was calculated to be 6.4 and 7.9 kb,
respectively. Computer analysis found that all degenerate forms of this sequence exist in
the negative plasmid DNA. Therefore, we conclude that KpnW recognizes only the
candidate sequence listed above.
The relationship between the number of KpnA\ recognition sites and the EOT is
shown in Figure 4.2. Plasmid DNA with additional sites was more strongly restricted as
shown by a further reduction in EOT. These results support the original observation that
the presence of additional restriction sites contributes to a further reduction of EOT
values (Gann et al. 1987; Kasaijian et al. 2003).
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pLl-1
pLl-2
pL2-l
pL2-2R
pL4-l
pL4-2R
pE5-l
pE5-2
pE6-lR
pEll-1
pE15-l
pE17-lR
pE18-l
pE18-2
pE22-lR
pE22-2
pE22-3R
pE23-lR
pE26-lR
pE29-l
pE33-l
pE38-l
pE38-2
Consensus

AAGCGGCATG
GCGACAGCCG
GTAATGTTAC
TTTTTTGCCA
CACAGAATAT
CAACGGCCTT
CGACGTTAAT
CGAAAACCGC
TTATAACCAT
GGAGACGACG
ACACGCGAAG
CTCAGCCTTT
ACCGGCCCTT
CAAAACAGTC
TTAACAACGC
AAAGATAGCG
TAGACGACCA
ATCAGCCAGT
GGAGACGACG
TCAACCAAAC
TGTGGATGGT
CGGTGGAAGA
CGACGGCGCA
NNNNNNNNNN

GAA
GAA
GAA
GAA
GAA
GAA
GAA
GAA
GAA
GAA
GAA
GAA
GAA
GAA
GAA
GAA
GAA
GAA
GAA
GAA
GAA
GAA
GAA
GAA

AGAGTT
CTGCCG
GATGGA
TATCCC
GCCCGC
CTGAAA
GATTAT
AGATAA
ACGATG
GATCGT
TTAAAA
ATATGA
CGTTCG
CCCATC
AAGTGT
AACTAT
TGTTCA
AATAGC
GATCGT
CACGCA
TGTTCA
CACCGG
AAAGCC
NNNNNN

TGCC
TGCC
TGCC
TGCC
TGCC
TGCC
TGCC
TGCC
TGCC
TGCC
TGCC
TGCC
TGCC
TGCC
TGCC
TGCC
TGCC
TGCC
TGCC
TGCC
TGCC
TGCC
TGCC
TGCC

GAGGATGACT
GGTGTGCAGA
TTTGGCTGTA
AACCTGAGTC
AGAAAAATGC
CGTTTACCTC
GGTATTACCC
ACCCTGGAAC
AGAAACATAC
GAAGCGGCGT
TGGAACGGGA
GTCAGCGACT
CTCCGACATG
CGGTGAATGT
AGAGATTTTT
AGGACATGGC
CGCGATGAAA
CGCCGTGGCA
GAAGCGGCGT
GCCACGGCTG
TCTGGTGGGG
GATGCTGAAT
AGGGGAGAAA
NNNNNNNNNN

KpnAl Sequence 5 • GAA NNNNNN TGCC 3 1
3- CAA NNNNNN ACGG 5'

Fig. 4.4 KpnAl sites in pL and pE series plasmid DNA. KpnAl sites in each plasmid are
numbered and reverse orientations are designated R. Approximate locations of each
sequence are shown in Figure 4.1.
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Location of KpnPA methylation sites
The top strand of the KpnX\ recognition sequence, as written in Figure 4.4, has
two potential target adenines (A) in the trinucleotide component. The lower strand has
only one target A in the tetranucleotide component, and therefore this must be the one
that is methylated. To determine which adenines are methylated by the KpnAl
methyltransferase, the following approach was used. Hin&Wl recognizes the sequence
AAGCTT and cleaves DNA between the two adenines. Hind III methyltransferase
modifies m6AAGCTT; and HindlW endonuclease cannot cut this methylated sequence.
However, when the second adenine is modified, Hindlll endonuclease can cleave the
sequence, Am6AGCTT (McClelland et al. 1994).
With this knowledge, we designed three oligonucleotides containing overlapping
KpnAl and Hindlll recognition sequences. Two plasmids, pKpnAIHl and pKpnAIH2
(Figure 4.3B-1 and B-2) were used to determine the methylated adenine in the top strand
and pKpnAIHB (Figure 4.3B-3) was used for the lower strand. These oligonucleotides
were cloned into plasmid pMECA and transformed into Klebsiella strain M5al.
Methylated plasmid DNA was obtained from strain M5al and digested with
Hindlll. Because one Hindlll site is already present in the multi-cloning site of pMECA,
the plasmid was linearized (Figure 4.5, lane 2). If the KpnAl methylase modifies the first
adenine, creating the sequence m6AAGCTT, the site will be resistant to cleavage by the
Hindlll endonuclease and the plasmid will be cut only once. Thus, no additional
cleavage of the plasmid will be seen when compared to plasmid pMECA. On the other
hand, if the KpnAl and Hindlll methylation sites do not overlap, Hindis will cut the
plasmid into two fragments. Figure 4.5 (lane 4) shows KpnAl methylated pKpnAIHl cut
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into two fragments by HindlW, 2.6 kb and 209 bp. On the other hand, methylated
pKpnAIH2 was only linearized (Figure 4.5, lane 6). Similarly, plasmid pKpnAIHS was
also linearized and no further cleavage was observed (Figure 4.5, lane 8). These results
show that the second adenine in the top strand 5’- GAm6A(6N)TGCC -3’ and the single
adenine in the lower strand 5’- GGCm6A(6N)TTC -3’ are modified by the KpnA\
methy Itransferase.

1

2 3 4

5

6

7 8

3kb —
Ikb —
400bp —
◄-209 bp

200bp -

Fig. 4.5. Determination of the methylation sites of KpnAl. Plasmid DNA was digested
with HindlW. Lane 1, 1 kb marker; lane 2, pMECA control; lane 3, pKpnAIHI
unmodified; lane 4, pKpnAIHI modified; lane 5, pKpnAIH2 unmodified; lane 6,
pKpnAIH2 modified; lane 7, pKpnAIH3 unmodified; lane 8, pKpnAIH3 modified.
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Comparison of KpnAl and £ri>SBLI recognition sequences
Our results show that the KpnA\ sequence is a type I sequence with a typical
bipartite structure. Previously we reported that KpnAl belongs to the type ID family (Lee
et al. 1997). Subunits HsdR and HsdM of the KpnAl R-M system share extensive
sequence identity with the prototype ID system, SVySBLI, 95 and 98% respectively. Less
similarity, 44% is shared between the HsdS subunits possibly reflecting the fact that these
two R-M systems recognize different DNA sequences. The HsdS amino acid sequence of
type I restriction enzymes has variable regions at the N and C terminals which recognize
the 5' or 3' ends of the DNA recognition sequences (Cowan et al. 1989). However, the
amino acid sequences of the central and sometimes C terminal region of the HsdS
subunits are highly conserved and unique within the families (Murray 2000).
Comparison of the Hsd subunits of KpnAl and .STySBLI using DOTPLOT predicted high
similarity between the two systems (Lee et al. 1997). The recognition sequence of
S(ySBLI was recently identified as CGA(6N)TACC (Titheradge et al. 2001).
Comparison of the recognition sequences for these two enzymes reveals striking
similarities. First, both consist of a trinucleotide component, a six bp spacer and a
tetranucleotide component. Second, they share five of the seven nucleotides in the
recognition sequence, GA in the trinucleotide component (shifted by one bp) and T-CC in
the tetranucleotide component. Finally, both enzymes methylate adenine in the same
position. EcoK9l, also a member of the type ID family, has HsdR and HsdM subunits
that complement the corresponding subunits of StySBLl (Titheradge et al. 2001). It is
interesting to speculate how the three type ID systems developed in these closely related
species of enteric bacteria: Escherichia, Salmonella, and Klebsiella.
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As shown here, combined with RM search, this plasmid transformation method
can be applied to other type I restriction enzymes to determine their recognition
sequences without enzyme purification. An important advantage of this method is that
transformation can be applied to a wide host range of bacteria and plasmids can be easily
manipulated to contain various DNA sequences.
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Abstract

A critical and difficult part of characterizing restriction enzymes and methylases
is the identification of recognition sequences. To simplify this process, we have
developed a plasmid transformation method along with a computer program named RM
Search that determines the exact recognition sequences for given restriction and
modification (R-M) systems.

Introduction

Bacteria produce restriction endonucleases and modification methylases (R-M
systems) that recognize specific DNA sequences, called recognition sites. Restriction
enzymes cleave DNA with a unmodified recognition site, whereas the modification
methylase protects DNA by adding methyl group to either cytosine or adenine in the
recognition site. Three types of restriction enzymes have been recognized to date (1).
Table 1 shows a few representative examples of the recognition sequences of each type.
The type I enzymes recognize bipartite sequences consisting of 5' end 3-4
nucleotides interrupted by a 6-7 random nucleotide spacer and 3' end 4-5 nucleotides (11).
A total of 15 different type I recognition sites have been identified (12).
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Table 5.1. Examples of recognition sequences of type I, II, and III restriction enzymes
Comments

Type I Enzymes Recognition sequences

AACNNNNNNGTGC
GAGNNNNNNNGT CA
GAANNNNNNRTCG
CGANNNNNNTACC

type IA family, prototype
type IB family, prototype
type IC family, prototype
type ID family, prototype

Type II Enzymes
Sau3Al
EcoRl
Nod
SapI
Bcgl

GATC
GAATTC
GCGGCCGC
GCTCTTC
CGANNNNNNTGC

4 nucleotide palindrome
6 nucleotide palindrome
8 nucleotide palindrome
7 nucleotide non-palindrome
interrupted non-palindrome

Type III Enzymes
EcoPl
EcoP15I

AGACC........GGTCT
CAGCAG.......CTGCTG

inverted 5 nucleotide pair
inverted 6 nucleotide pair

£coKI
EcoAl
£coR124I
StySBLl
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Typical type II enzymes have palindromic recognition sites that are either 4, 6 or 8
nucleotides in length. Some type II enzymes recognize short non-palindromic sequences.
Few type II sequences are interrupted with nonspecific bases similar to type I enzymes.
So far, more than 200 type II recognition sequences have been documented (12).
Type III enzymes recognize a pair of sequences 5 to 6 nucleotides in length,
which are inversely oriented (10). However, the number of nucleotides between each
pair has not been well established. It is assumed that the distance between the pair can be
from a few nucleotides to a few kilobases for cleavage to occur. Only seven recognition
sites are known for the type III enzymes (12). Degenerate forms of the recognition
sequences have also been found for both type I and type II enzymes.
Previous determination of recognition sites involved tedious biochemical
reactions and labor-intensive enzyme purification (8). A computer program developed
in 1978, facilitates this process for type II enzymes (4). This requires partial purification
of the enzymes, and the method is based on the cleavage pattern of the known DNA
sequences. Therefore, this method cannot be applied to type I nor type III enzymes, since
these enzymes do not cut the sequences at exact predicted bases. To expand the capability
of the search of DNA recognition sequences to type I and type III enzymes, we developed
a simple plasmid transformation system to detect in vivo restriction activity (Figure 1).
This system is based on the observation that a plasmid containing a recognition site
(positive plasmid) is cleaved by the host restriction enzymes after entering the cell,
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whereas a plasmid without a recognition site (negative plasmid) is not. As a result, a
reduction in transformant numbers compared to the negative plasmids will be observed

on selection plates. In actual experiments, to avoid the adjustment of the concentration of
each plasmid, plasmids can be transferred to a bacterial strain producing a restriction
enzyme, and also into a strain not producing a restriction enzyme (such as E. coli C) as a
control. A reduction in transformant numbers will be observed only in the plasmids
containing one or more recognition sites.
To evaluate the effectiveness of this system, we selected lambda DNA (7) as a
model system and developed six lambda BamRl subclones using the pUC vector
derivative, pMECA (14). We then tested this system using E. coli strains producing
EcoBl (type I), Hin&lll (type II) or Eco?\ (type III) and observed a reduction of the
1

T

transformant numbers of 10' to 10' in positive plasmids compared to negative plasmids
(Kasarjian J. et al, 2000, Ann. Mtg. ASM, p. 371. Los Angeles, California). A stronger
reduction was observed when a plasmid had more than two recognition sites. Since any
plasmid can be easily placed into either a positive or negative group using this method,
we concluded that this system provides a convenient way to determine the presence of
restriction enzymes in a given bacterial strain.
DNA recognition sequences exist only in positive plasmids and not in negative
plasmids. By having enough plasmids and sequence information, it is possible to identify
the unique recognition sequence for the restriction enzyme. Since we could not find
suitable commercial programs, we have developed a new computer program to find the
recognition sequences in addition to this transformation assay. Our initial version of the
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“RM search” program can determine the recognition sequences of both type I and II
enzymes.
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Figure 5.1. Separation of plasmids containing a recognition sequence (positive plasmids)
from those without a recognition sequence (negative plasmids) using a bacterial
transformation method. Plasmids with known DNA sequences are transformed
individually into bacteria producing a restriction enzyme. Transformants are recovered
using an antibiotic resistant marker such as ampicillin. Positive plasmids are subject to
cleavage and only a few transformants will be obtained (B), whereas negative plasmids
will survive and result in many transformants (A). This diagram assumes that the initial
concentration of each plasmid is equal. To see the reduction of the transformants, a
restriction minus strain, such as E. coli C, can be used as a control. After plasmids are
categorized as positive or negative, the recognition sequence will be predicted using the
RM search program.
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Description of the RM Search Program

The RM search program has a window interface that lists positive and negative
plasmids. The search results are displayed in a separate window (Figure 2). All the
plasmid sequences are stored as simple text files.
The user defines the search parameters, for example, type I or type II search, 4-,
6- or 8- nucleotide sequence or a combination of these from the search menu. A search
can be extended further to 12 nucleotides for a type II search. In the case of a type I
search, both the 5'- and 3’-end sequences can specify up to 6 nucleotides each. When the
searches are executed, the program finds, for example, all six nucleotides sequences that
are common to all positive plasmids and then eliminates any candidate that exists in
negative plasmids. Using our desktop PC (Pentium™ II, 260 MHz), it takes only a few
seconds for a typical sequence search using several positive and negative plasmids with
sequences of several kilobases in length. When lambda DNA was used as a model
system and the total DNA (48.5 kb) was divided into 49 1-kb files, it took only 7-14 files
to identify typical type I and type II sequences, whereas when 25 2-kb files were used,
13-25 files were required to identify the same sequences.
Positive or negative sequence files and search results can be stored or printed.
Under the “find” menu, the program reports the number of query sequences existing in
each file. If the search results return more than a single match, more experimental data
must be entered. Under the “search” menu, this program has an option to perform a
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degenerative DNA search that can find two or more slightly different sequences
recognized by the same enzyme.

112

'O

a

OJ

£

m

O

u

>
!/3

o
a

<so «.s

£ Be
8 -o °
fN

0
CC

2
=

09

o

Ci

rn

au

ro
W

gH o
u^ ^
rf

U

D
h ^
g
t/3

--H

u
C/3

<u

•£ o
Si -s |

Z

8 8 <ua-

W
vo

cn

(U '-C

w

o o o
C
>

K

rn

X

ffl

H

H < H

h

S. ^ <L)
^ C o
u

a

X5 H 0
y c

&

oS

c

o

&H

>-1 -S ^ G

<2 ^ 'g §
"g ^ +2 o

I <2 1 2
<3 _>
flT «

U
^

^ <u

CIh
V3

cd

eBs g
cd

C/3

C/3

“3 1-2

a ?|'s
,S1
g-Hci P " >
<D

G

<u

r.

j-|

(U

^Q ^3° ^G -G^

W)

fe 2 i- S
3 ^ S .S
63 ° I

lls&1

a SO

o 01

o <^1

2^2
G K ^ ^

_|
r> Cd Oh
<u
(U ro ^3 ^-J

^
ffi ^5 G
CZ

cd w G ^
T3 c« ^
G ^ O

rG
O

u o

Cd i/-\

^ hJ

^ o H
-G

C/3

cd

T3
G (D -f3

. 3 g 3
-2 ^ 'G

<U

a

•—

113

O
<U

^ ’G
Ph H

G
G

>
^

CU

Computer Programming and Algorithms

The transformation experiments described in this paper provide information on
whether or not a plausible recognition sequence exists in each plasmid DNA. Among all
of the positive plasmid DNA sequences, there must be one common recognition sequence
corresponding to a restriction enzyme. Moreover, this common sequence should not
occur in any of the negative plasmid DNA sequences.
The search for this recognition sequence can be modeled as solving a simple set
intersection problem. A positive plasmid DNA sequence defines a set of candidate
recognition sequences, whereas a negative plasmid DNA sequence defines non-candidate
recognition sequences, each of which may match a substring of the sequence at some site.
Each recognition sequence consists of a distinct pattern, which we call a “recognition
pattern”. For example, type II enzymes usually recognize simple nucleotide sequence
patterns of different lengths such as 4, 6 or 8, whereas type I enzymes define more
complicated recognition patterns such as 3(6N)4, 4(7N)4, etc. More than ten different
recognition patterns have been reported for known type I and type II enzymes (Table 1).
A positive plasmid DNA sequence of m bp contains 2(m-n+l) candidate
recognition sequences for a given recognition pattern of length n bp. Here, the
multiplicative factor 2 corresponds to the two complementary DNA strands. Hence, the
set of all the candidate recognition sequences with a certain recognition pattern can be
computed by intersecting the sets of candidate recognition sequences defined by the
positive plasmid sequences and subtracting the union of all the negative non-candidate
recognition sequences represented in the negative plasmid sequences.
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To solve the set intersection problem, the universal set of all the candidate
recognition sequences defined from the current search parameters, such as 3(6N)4, is
represented. Each plasmid DNA sequence is then encoded as a (characteristic) vector of
binary bits (2), where each true bit indicates the presence of a particular candidate
recognition sequence. Using this data structure, the set intersection and union operations
can be performed by taking two binary bit vectors and recording the “and” and “or” of
their corresponding bits as follows. Two bit vectors are initialized with values all true
and all false, respectively; one (VI) is used to represent the set of common candidate
recognition sequences in the positive plasmid DNA sequences, and another (V2) to
represent the non-candidate recognition sequences occurring in the negative plasmid
sequences. To intersect the sets of candidate recognition sequences from the positive
plasmid sequences, each positive sequence is scanned, and for each candidate recognition
sequences that does not appear in the subsequent positive sequence, its corresponding bit
in vector VI is set to false. Similarly, to compute the union of the sets of non-candidate
recognition sequences from the negative plasmids defined by the current recognition
pattern, each negative plasmid sequence is scanned. Then, for each set of non-candidate
recognition sequences encountered, its corresponding bit in vector V2 is set to true. Once
the two vectors VI and V2 have been determined, VI - V2 is computed and the result is
saved in V1 (instead of creating a third bit vector) by writing over the values in VI. This
means that the search time is proportional to the total length of the positive and negative
plasmid sequences, which is the best possible for such an algorithm because it has to scan
all the sequences.

115

The above algorithm can also be extended to find recognition sequences that
contain degenerate positions [e.g., of form 3(6N)R3], The running time and memory will
increase slightly because the universal set of all candidate recognition sequences is
enlarged.
The algorithm has been implemented as a modular C++ class, used by program
based on wxWindows GUI API. The wxWindows API (available at
http://www.wxwindows.org) allows for the development of cross-platform applications.
So, while the application was originally written in the Linux environment, it can be
recompiled and used in the Windows environment as well. The modular C++ class that
represents the search algorithm and its data structures can also be run as a command line
interface, which can be used in conjunction with shell scripts.
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Discussion
Although many restriction enzymes are already known, recent bacterial genome
projects suggest many more are yet to be found (13). Traditional methods to find new
restriction enzymes depend on the presence of a bacteriophage or an assay of the
enzymes after partial purification. The latter are useful to find type II restriction enzymes
but are not suitable to search for type I or type III enzymes. By combining the
transformation method with the RM search program, new restriction enzymes and their
recognition sequences can be found without enzyme purification. Since more than 75%
of the type I recognition sequences are still unknown (12), this method can also be used
to find some of those undetermined recognition sequences. Using this method, we
deduced the recognition sequences for both Kpnkl and KpnBl, type I restriction enzymes
discovered in Klebsiella species (Kasarjian et al, ASM abstract, p403 and Chin et al,
ASM abstract p404, May 2001, Orlando, FL, respectively).
This method requires a set of plasmids with known DNA sequences and bacterial
strains that are transformable. Any plasmids with a suitable selection marker can be used
for this purpose. Bacteria can be transformed using a CaCh-heat shock method originally
designed for E. coli (5) or an electroporation method (3). We are now using this method
to screen clinical bacterial strains for new restriction enzyme activity. Following
identification of the recognition sequence, the genes for the R-M systems can be cloned
and enzymes purified.
If a bacterial cell contains two different restriction enzymes, each recognizing
completely different sequences, then the program always returns null results. When this
happens, the positive plasmids must be divided into two groups using a simple
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elimination process. A similar process is necessary when three or more enzymes are
present in the same cell. A future version of the RM search program will perform this
task automatically. It is also possible to mutate and therefore knock out activities of one
or more restriction enzymes to make the analysis easier.
Many bacteria produce Dam and/or Dcm methylases that modify the sequence
GATC (6) and CCA/TGG (9) respectively. Methylation of bases by these enzymes can
block the action of restriction enzymes when the sequences overlap with the recognition
sequences of the restriction enzymes. This may result in false negatives. Any proteins
that bind tightly to DNA, such as repressors, can also hinder the action of restriction
enzymes if the recognition sequences overlap with the binding sequences. When
analyzing data, it is always better to start a search with as many positive plasmids as
possible and then add negative plasmids one at a time.
Further, this program can be used for purified restriction enzymes to find their
recognition sequences using in vitro experiments. Restriction enzymes can be mixed
with known DNA sequences and the cleavage results analyzed in a similar manner. This
program is also useful for identifying commonly shared DNA sequences less than 14 bp.
This limitation can be changed by modifying the program. Interested readers can contact
the corresponding author for a copy of the program.
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ABSTRACT

Currently there are over 60 known and 200 putative type I restriction and
modification (R-M) systems, but only 28 type IDNA recognition sequences have been
identified. Twenty years ago the examination of a collection of Salmonella serotypes for
the presence of restriction by bacteriophages, identified twelve strains with new
restriction specificities. The genes for these type I R-M systems; hsdR, hsdM and hsdS
are linked to the serB locus, at 98.5 minutes on the chromosome. The recognition
sequences for only three of these systems are known. Recently, we introduced a plasmid
transformation method to identify DNA recognition sequences and detect restriction
activity in vivo. Using this method, we have determined the DNA sequences recognized
by the SEA, SEN, and SG R-M systems from S. eastbourne, S. enteritidis, and S.
gelsenkirchen, respectively to be ACA(6N)TYCA, CGA(6N)TACC, and
TAAC(7N)RTCG. Additionally, three new R-M systems from clinical E. coli strains,
their recognition sequences and their modification sites have also been identified. The
DNA recognition sequences for strains EC826, EC851, and EC912 were concluded to be
GCA(6N)CTGA, GCTA(6N)TGAY, and CAC(5N)TGGC respectively. Using the
method described previously for KpnAI, the methylation sites for each new recognition
sequence are also reported. Combined with the computer program, RM Search, this
simple transformation method has become a powerful tool to determine the recognition
sequences of already reported systems, as well as discover entirely new systems.
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INTRODUCTION

Type I restriction-modification (R-M) systems are large, multifunctional
enzymatic complexes and are encoded by three genes hsdR, hsdM, and hsdS (1). Genetic
analysis has shown that type I hsd genes are usually contiguous and are located
counterclockwise to serR at 98.5 minutes on the E. coli chromosome (2-5). Early
complementation studies found that EcoKI and EcoBI R-M systems were related to the
Salmonella SB and SP systems (4,5). Bullas et al (1980) further investigated the genetics
for some type I systems from various Salmonella species and found twelve systems with
hsd genes that also map at 98.5 minutes on the chromosome (6); concluding most strains
of Salmonella contain the StyLTI type III R-M system (originally called LT). In addition
to the StyLTI system, some of the strains were found to possess at least one other active
R-M system. To further characterize these type I R-M systems, Salmonella-E. coli
hybrids, with only one active R-M system, were constructed (6).
Three hybrid strains from Bullas’ original study, containing the type I R-M
systems, SEA, SEN, and SG, from S. eastbourne, S. enteritidis, and S. gelsenkirchen,
respectively, were used in the studies described here. Two variable regions, called target
recognition domains (TRDs) of 50-100 amino acids are used by the specificity subunit, S,
to recognize their DNA target sequence. Previous studies suggest that each TRD is
responsible for recognition of one half of the bipartite recognition sequence (7,8). The
primary structure of the TRD regions seem to be remarkably dissimilar except when the
R-M systems recognize a similar or identical recognition sequence, regardless of whether
or not the R-M systems are from the same family. Description of additional recognition
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sequences will help to elucidate the diversity of the specificity subunit and the
intervening sequence.
Recently, we introduced a method to detect restriction activity using plasmid
transformation and identified four new R-M systems in E. coli clinical strains (9). In
conjunction with this test, we developed a computer program, RM Search, to analyze the
DNA sequences for the resulting positive and negative plasmids (10). Determination of
the recognition sequence for the earlier characterized type I R-M system, KpnAI was
achieved using this method (11). In this study, we report the recognition sequences for
three previously known type I Salmonella R-M systems. This confirms several
predictions regarding sequence specificity made by Bullas in his original work with these
Salmonella strains (6).
In addition, we have continued a screen of clinical E. coli strains for new R-M
systems. Over 100 strains were tested for restriction activity, resulting in the discovery of
three new type I systems, their recognition sequences and methylation sites. Because this
plasmid R-M test is not dependent on cleavage of DNA at a specific site within or near
the recognition sequence, it is ideal to identify type I recognition sequences. Results of
these studies using Salmonella and E. coli have added at least four new type I
specificities to the previously known type I R-M systems.
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MATERIALS AND METHODS

Bacterial strains
The strains used for the determination of the recognition sequences and
modification sites were L4029 for SEA, L4030 for SEN, and L4039 for SG (6). These
strains are E. coli K-12 derivatives constructed by transferring the hsd genes from
Salmonella strains by transduction. Clinical E. coli strains, EC826, EC851, and EC912,
were obtained from Loma Linda University Medical Center. Strain DH5a (fK m+K), a
restriction-minus mutant of EcoKl (12) was used as a control. Bacteria were grown in
Luria-Bertani (LB) medium and incubated at 37°C with vigorous aeration. Ampicillin
was added to a final concentration of 200 pg/ml. Growth was monitored using optical
density measurements at 510 nm.

Enzymes and reagents
Reagents were purchased from Fisher Scientific (Hanover Park, Ill,) and Sigma
(St. Louis, MI). Restriction enzymes and T4 DNA ligase were obtained from New
England Biolabs (Beverly, Mass.), Promega (Madison, Wise.) and Fisher Scientific
(Hanover Park, Ill,). DNA sequencing and oligonucleotide synthesis was done either in
the core facility of the Center for Molecular Biology and Gene Therapy (CMBGT) at
Loma Linda University (Loma Linda, Calif), or Integrated DNA Technologies, Inc.
(Coralville, Iowa).
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Restriction-Modification (R-M) tests
R-M tests were performed using a plasmid transformation method (9). Results are
described as a relative efficiency of transformation (EOT) which is defined as the number
of AmpR transformants divided by the number of AmpR transformants obtained from the
control strain (9). Two series of subclones, pL (lambda DNA) and pE (E. coli K-12
chromosomal DNA) (9) were used.
Plasmid DNA was prepared using either the Rapid Pure Miniprep (RPM) from
BiolOl (Carlsbad, Calif), Wizard from Promega (Madison, Wise.) or Midiprep kit from
Qiagen (Valencia, Calif). Plasmids were digested with restriction enzymes and
electrophoresed in 0.8 % acrylamide gel using 0.5X TBE buffer.
A CaCh-heat shock method was used for plasmid transformation as described
previously (13) with the following modifications. An overnight culture was diluted 20
fold into 10 ml LB broth and incubated at 37°C on a rotating shaker to OD510 = 0.4 (~2.0
x 108/ml). One ml of culture was then centrifuged and washed with 1 ml of cold lOOmM
CaCb and concentrated ten-fold by resuspension in 100 ^il cold lOOmM CaCb. Five ^1
(~10ng) plasmid DNA was then added to 10 pi of the cells prepared above and the
mixture was kept on ice for 30 minutes. Cells were then heat shocked for 90 seconds at
43 °C and placed in ice for 30 seconds. SOC was added (85 pi) and the mixture was
incubated for 30 minutes and plated on L-agar containing ampicillin.
For confirmation, single-stranded oligonucleotides containing the predicted DNA
recognition were heated to 94° C and then annealed by slowly cooling to room
temperature. After phosphorylation double stranded oligonucleotides were ligated into
the iscoRV or SspI site of pMECA, and the mixture was transformed into E. coli DH5a
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using a CaC^-heat shock method (13). The ligation mixture was plated on L-agar plates
containing ampicillin and X-gal (5-bromo-4-chloro-3-indolyl-B-D-galactoside) to a final
concentration of 40 pg/ml. Selected clones were sequenced at the CMBGT core facility.
DNA fragments were separated on either 0.8% or 1.2% agarose gels depending on the
expected fragment sizes.

Screening of E. coli clinical strains
Ampicillin sensitive strains, collected from LLUMC, were transformed using the
control plasmid pMECA (AmpR). Bacterial strains showing high transformation
efficiencies and significant restriction activity (EOT of 10'1 or less for any test plasmid)
were further tested using the pL and pE series plasmids to determine the DNA
recognition sequence restriction activity. Modification tests were done using DNA
purified from positive plasmids to confirm that any reduction in EOT was a result of the
presence of one or more recognition sites in the plasmid DNA.

Recognition sequence determination
Positive and negative DNA sequences, determined using the plasmid R-M test,
were compared using the computer program RM Search (10). For StySGI and StySEAI
initial analysis resulted in no sequences common to all positive plasmids and not
contained in any negative plasmids. To determine the recognition sequences for these
enzymes it was necessary to add degenerate patterns to the search parameters.
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RESULTS AND DISCUSSION

Recognition sequences for Salmonella R-M systems
E. coli-Salmonella hybrids, each containing the genes for one type I R-M system,
were used to determine DNA recognition sequences for StySENI, StySEAI, and StySGI.
The results of plasmid restriction and modification tests are reported as efficiency of
transformation (EOT) values. A reduction of EOT of 101 or less signified the presence of
a specific recognition sequence in plasmid DNA. EOT results for the pL and pE plasmids
used in this study and DNA recognition sequences for each strain are shown in Table 6.1.
The vector pMECA, does not contain recognition sequences for any of the R-M systems
tested. It has been shown that if there is no restriction activity in the recipient cells, the
EOT is close to 1.0, and if there is restriction activity, the EOT will be substantially
reduced (9).
The basic principle originally used to detect R-M activity in these Salmonella
strains demonstrated that bacteriophage DNA carrying a specific modification would not
be cleaved by a restriction endonuclease with the same specificity. However, if the
endonuclease had a different specificity, the phage would be restricted (6). In order to
examine the phenotype of the hybrid strains, Bullas et al. measured the efficiency of
plating (EOF) of phage X and P3 carrying known modifications (6). Restriction patterns,
shown in Table 6.3 as original EOF results, show that StySGI and StySKI should have
very similar recognition sequences. When phage with no modification were plated on
bacteria expressing a restriction endonuclease, a reduction of about 10* was observed. As
expected, when phage were modified and then challenged back into the same host strain,
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an EOP close to 1.0 was calculated. Interestingly, in his original paper (6), Bullas found
that when phage carrying the modification for StySGI were plated on bacteria with the
SK R-M system, the phage was protected from restriction (EOP = 0.92). However, when
X.SK was challenged to the SG system, the phage was not completely protected (EOP =
0.12).
In the present study, the recognition sequence for SG was determined to be
TAAC(7N)RTCG. Bullas’ initial prediction can be confirmed by comparing this
recognition sequence with that of StySKI, TAAC(7N)ATCG. In most literature, the
recognition sequence for StySKI has generally been written in the complementary
direction, CGAT(7N)GTTA so initially the similarity was not obvious. The only
difference is the one degeneracy found in the StySGI sequence. It has been shown that
the N-terminal target recognition domain (TRD) of Sty SKI recognizes 5'-CGAT and
36% amino acid identity is shared with the C-terminal TRD of EcoR124I which
recognizes the complementary, but degenerate, sequence 5'-RTCG (14). We can predict
that a comparable similarity should be found for the TRD region of StySGI that also
recognizes 5’-RTCG. From EOP results shown in Table 6.3.b, Bullas also anticipated
that StySENI and StySBLI should recognize an almost identical recognition sequence. In
both cases, A,.SEN infected into the SBL strain, or X.SEN infected into the SBL strain, no
restriction was observed. The recognition sequence for StySBLI was recently determined
by Titheradge et a/. (15), and here we confirm that StySENI also recognizes the sequence
CGA(6N)TACC. The recognition sequence for StySEAI was identified as,
ACA(6N)TYCA. Oligonucleotides containing each of the candidate sequences were
cloned into pMECA. Restriction tests using these plasmids resulted in a reduced EOT,
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verifying the DNA recognition sequences for each Salmonella R-M system (Table 6.5).
Using the method described previously (11) the methylation sites for these three systems
were determined and are shown in bold in Table 6.4.
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Table 6.1. Plasmid restriction test results for Salmonella R-M systems
Plasmid
StySEAI
pMECA
pLl
pL2
pL3
pL4
pL6
pE2
pE3
pE4
pE5
pE6
pE8
pE9
pElO
pEl 1
pE12
pE14
pE15
pE16
pE17
pE18
pE19
pE22
pE23
pE24
pE26
pE28
pE29
pE31
pE32
pE33
pE38
pE41
pE44
pE45
Recognition
sequence
Type

+
+
+
+
+
+

R-M system
StySENI

StySGI

+

+

+

+
+

+
+
+

+
+

+
+

+

+
+

+
+

+
+
+

+

+
+

+

+

+
+
+
+

+

+

ACA(6N)TYCA CGA(6N)TACC TAAC(7N)RTCG
I (new)

I (StySBLI
I (new)
isoschizomer)
Plus (+) or minus (-) indicates the presence or absence of a recognition
sequence in each plasmid.
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Table 6.2. Restriction EOF results of phage X or P3 carrying specific Salmonella
modifications (6)(adapted from Bullas et al, 1980). >..0 and P3.0 indicate phage with no
modifications.
a. StySGI and StySKI
Strain
L4039
L4023

R-M system
SG
SK

X.O
4.2 xlO^1
1.3x1 O'3

A..SG
1.0
0.92

EOP
X.SK
0.12
1.0

P3.SG
1.0
1.2

P3.SK
0.1
1.0

b. StySENI and StySBLI
Strain
L4030
L4037

R-M system
SEN
SBL

2.1 x 10'4
5.7 x 10'3

l.SEN
1.0
0.95

EOP
A,.SBL
1.1
1.0

P3.SEN
1.0
0.57

P3.SBL
1.0
1.0

Plasmid R-M tests for new E. coli type I R-M systems

Clinical E. coli strains were collected from Loma Linda University Medical Center
and screened using the plasmid R-M test reference. Strains EC826, EC851 and EC912
were tested for restriction activity using the pL and pE series plasmids and restriction
activity was measured by efficiency of transformation (EOT). Plasmid modification tests
were performed for all plasmids that tested positive to confirm that the reduction of EOT
was due to the direct action of restriction enzymes. For this test, plasmids were purified
from any surviving AmpR colonies following restriction tests. Positive and negative
plasmid DNA sequences were then compared using the computer program RM Search to
determine the recognition sequence for each strain.
Efficiency of transformation (EOT) data for three new type I systems identified
from clinical E. coli strains are shown in Table 6.3. Average EOT data plotted against
the number of recognition sites showed a greater reduction in EOT when more restriction
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sites were present in the plasmid DNA. This was especially clear for Eco826I, which had
as many as six sites in plasmids 1 and 5. This dramatic relationship between EOT and
number of sites is shown in Figure 6.1. These data agree with our previous observations
that the plasmids containing more recognition sequences are more strongly restricted (9).
In each plasmid tested EOT values were always 10'1 or less, if at least one recognition
sequence was present in the plasmid DNA.

1
0.1
H
O

0.01

K |

I

0.001
0.0001
0

1

2

3

6

Recognition sites

Figure 6.1. EOT values from restriction tests using clinical strain EC826. The
relationship between reduction of EOT and plasmids with an increasing number of
recognition sites, plotted as EOT versus number of recognition sites.
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Table 6.3. Plasmid restriction test results fori?, coli clinical strains
Plasmid
pMECA
pLl
pL2
pL3
pL4
pL6
pE2
pE3
pE4
pE5
pE6
pE8
pE9
pElO
pEl 1
pE12
pE14
pE15
pE16
pE17
pE18
pE19
pE22
pE23
pE24
pE26
pE28
pE29
pE31
pE32
pE33
pE38
pE41
pE44
pE45
Recognition
sequence
Type

EC826

Strain
EC851

EC912

+
+

+
+

+
+

+

+

+
+
+
+
+
+
+

+
+
+

+

+

+
+

+

+
+
+
+

+
+

+
+

+
+
+
+

+

+
+
+

+
+
+

+
+

+

+

GCA(6N)CTGA

GTCA(6N)TGAY

CAC(5N)TGGC

I (new)

I (new)

I (new)

Plus (+) or minus (-) indicates the presence or absence of a recognition
sequence in each plasmid.
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Three new R-M specificities were found in strains EC826, EC851, and EC912
(Table 6.2). The recognition sequence for Eco912I seems to be the first type I sequence
found to have a spacer of only five nucleotides. The recognition sequence patterns for
type I R-M systems reported thus far have a specific 3-4 nucleotide component and a
specific 4-5 nucleotide component, separated by a non-specific 6-8 nucleotide spacer
(15). Figure 6.2 shows the DNA sequences taken from all of the positive plasmids and
surrounding the Eco912I target sequence. All of the nucleotides except for the consensus
sequence appear to be completely random. DNA recognition sequences for E. coli strains
EC826 and EC851 were concluded to be GCA(6N)CTGA and GTCA(6N)TGAY,
respectively. Confirmation of these sequences was completed using a method previously
described (9) and results of the restriction tests are shown in Table 6.5. Table 6.4 shows
the adenines (in bold) targeted by the methyltransferase for each of these new R-M
systems. These were determined as described previously (11).

Prediction of family designation
Type I methyltransferases catalyze the transfer of a methyl group to the N-6
position of adenine using AdoMet (16,17). All known type I recognition sequences have
two target adenines, one in each strand (1,18). Early studies established that a distance of
~10 bp was present between adenosyl residues (15,19). Recently, it has been proposed
that each type I family has a specific distance (in base pairs) between methylated
adenines. Analysis of the distance between the target adenines places each new type IRM systems found here, into a specific family (Table 6.4). Using these criteria: StySEAI,
StySENI, Eco851I and Eco912I may belong to the type ID family; StySGI to the type IB
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family; and Eco826I to the type IC family. StySBLI is the founder member of the type ID
family (20) and StySENI (this study) recognizes the same recognition sequence. It is
interesting that using family-specific distance, StySENI is also placed into the type ID
family. Although most members of the type IC family are plasmid encoded, it was not
possible to isolate a plasmid from EC826 by the methods described. One member of the
type IC family, EcoprrI, is not plasmid encoded (21), which suggests that Eco826I might
also be chromosomal. Further genetic analysis and complementation studies should be
performed to confirm these predictions for each of the new R-M systems mentioned here.
We conclude that this plasmid transformation method is a timely and useful tool
to detect the presence of restriction enzymes in E. coli, and to determine the recognition
sequences for previously studied systems. Because the cleavage sites of type I enzymes
add little information regarding the actual location of their recognition sequences, this
method is particularly useful. Many known type I R-M systems have unknown
recognition sequences (22). As more information is found about R-M systems and their
recognition sequences, further conclusions and comparisons can be made, including their
sequence specificities and diversity.
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pLl (1)
(2)
pL2 (1)
(2)
(3)
(4)
(5)
(6)
(7)
(8)
(9)
(10)

(ID
pL4
pE2
pE5
pE8

(12)
(1)
(2)
(1)
(2)
(1)
(2)
(1)
(2)
(3)

pEl 1
pEl 6
pEl9(1)
(2)
pE22
pE27(1)
(2)
pE2 9
pE31
pE32 (1)
(2)
pE38
pE41
pE4 5(1)
(2)
Consensus

CAGA
TTAT
TCAC
AATA
TGGT
AGTT
GGGC
GCAA
AGAG
TGGT
AGAC
CGAG
GCTT
CCTG
TCAT
TTTG
GGCG
TAAT
GCGG
GACG
GATG
CTGA
TTGT
TAAG
GCAA
CTTT
CCTA
TCAT
GCCT
CGGT
TGCG
TTTC
AACG
ACGC
AAAC
AGAA
CTGA
CAGA
NNNN

CAC
CAC
CAC
CAC
CAC
CAC
CAC
CAC
CAC
CAC
CAC
CAC
CAC
CAC
CAC
CAC
CAC
CAC
CAC
CAC
CAC
CAC
CAC
CAC
CAC
CAC
CAC
CAC
CAC
CAC
CAC
CAC
CAC
CAC
CAC
CAC
CAC
CAC
CAC

GGAAG
GGCGG
ACCGC
GACGA
GGTCG
CGACG
CTCGC
GCTGA
CACGC
CGGGA
CGGGG
CATAC
GCAAC
ATCGC
CATGT
CGGTG
TGGTT
AGCCG
CCGAC
AGAAC
GTCAT
TGTTA
TGGTC
GGTTT
GTCTC
GGCAC
CGATG
AGGGC
TGCAA
GATGC
CTAGT
ATTGC
ACCGC
TTTTA
ATTTC
CCTCC
CAGGT
TAAGG
NNNNN

TGGC
TGGC
TGGC
TGGC
TGGC
TGGC
TGGC
TGGC
TGGC
TGGC
TGGC
TGGC
TGGC
TGGC
TGGC
TGGC
TGGC
TGGC
TGGC
TGGC
TGGC
TGGC
TGGC
TGGC
TGGC
TGGC
TGGC
TGGC
TGGC
TGGC
TGGC
TGGC
TGGC
TGGC
TGGC
TGGC
TGGC
TGGC
TGGC

CGTA
AGCG
GTTC
CACA
ACTG
CACG
GGTG
GGCG
CGAC
GGAA
TGTG
ACCG
GCTG
AAAC
TCAG
TCCG
ACCG
ACGG
CATC
CGAG
AAAA
AGGG
GTTA
CTTT
GTGG
GCTG
AACA
GGTA
TGCC
TCCA
TAAA
GGTA
CCAC
GAAG
AACG
GTCG
AGAT
AGAC
NNNN

Figure 6.2. DNA sequence surrounding the Eco912I recognition sequence.
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Table 6.4. Predicted family designations for type I R-M systems based on distance, in
base pairs, between methylated adenines in DNA recognition sequences.
Enzyme

Recognition sequence

StySEAI

ACANNNNNNTYCA

StySENI

CGANNNNNNTACC

6

type ID

StySGI

TAACNNNNNNNRTCG

9

type IB

Eco826I

GCANNNNNNCTGA

7

type IC

Eco851I

GTCANNNNNNTGAY

6

type ID

Eco912I

CACNNNNNTGGC

6

type ID

Distance
between
adenines in bp
6

Predicted family

type ID

Methylated adenines are shown in bold. N is any nucleotide, R is either purine, Y is
either pyrimidine. The family-specific distances between adenines, proposed by
Titheradge et al., are: type IA - 8bp, type IB - 9 bp, type IC - 7-8 bp, and type ID - 6 bp
(15,19).

Table 6.5. Results of recognition sequence confirmation using the plasmid R-M test
shown as EOT values.
Plasmid
pMECA
pStySEA
pStySEN
pStySG
pEC826
pEC851
pEC912-

R-M system
StySEAI
1.0
4.0 x 10'2

StySENI
1.0

StySGI
1.0

Eco826I
1.0

Eco851I
1.0

Eco912I
1.0

1.8 x 10‘2
,0x 10

-2

1.2 x 10'2
5.0 x 10'2
l.Ox 10 -3
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CHAPTER SEVEN
DISCUSSION

The project goal was achieved by the identification of new restriction recognition
sequences in both existing and new R-M systems. These discoveries will enhance our
understanding of restriction modification and stimulate further research by our laboratory
and others. To make these discoveries, a novel plasmid transformation test (Plasmid RM Test) to detect restriction activity in all types of R-M systems was developed and
validated for known recognition sequences in existing R-M systems. Further refinement
of this test was done to facilitate identification of recognition sequences by the computer
program (RM Search) designed in collaboration with Dr. Tao Jiang, University of
California, Riverside.
This section will discuss: the development of the plasmid R-M test including
obstacles that were overcome, the determination of DNA recognition sequences from
existing and known R-M systems, the location of methylation sites and their association
to type I R-M families, and how these data contribute to continuing research of R-M
systems. Future studies are suggested including refining the plasmid R-M test by
upgrading the RM search computer program, continuing the development of the current
plasmid sets, and constructing new plasmid libraries for use in a broader range of
bacterial species. Additional applications of this method are also outlined. The
knowledge gained from studies of R-M systems may be applied to solve a number of
problems, including the development of phage-resistant bacterial strains. Contribution of
this method will further our understanding of the purpose, development, and diversity of
these important enzyme systems.
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Development of the Plasmid R-M Test
These studies resulted in the successful design and implementation of a method to
estimate in vivo restriction and modification (R-M) activity in bacterial cells.
The first hypothesis was that a reduction of EOT could be used as a way to indicate the
presence of a recognition sequence in plasmid DNA. To test this hypothesis, an initial set
of plasmids, pLl to pL6, was constructed by cloning six lambda BamYil fragments into
pMECA. The majority of known recognition sequences are four to seven nucleotides in
length. This means that the probability of finding any recognition sequence in a region of
DNA is from 256 to 16,384 base pairs. Because lambda DNA represents 48.5 kb of
random DNA sequence, most recognition sequences should be present in lambda at least
once. Plasmids pLl-pL6 were each transformed into five different bacterial strains each
expressing a known restriction enzyme and a conesponding modification methylase. All
three types of R-M systems (type I, II, and III) were tested including: type IA (EcoBI).
type IB (EcoAI); type IC (EcoR124I), type II (Hindlll) and type III (EcoPI). Knowing the
location of each recognition sequence in lambda DNA, we could predict when a
reduction of EOT should be observed. Efficiency of transformation (EOT) was
introduced to measure restriction activity. When restriction activity was present in the
recipient cells, and a corresponding recognition sequence was present in the plasmid
DNA, the EOT was 10'1 or less. When restriction activity was absent or no recognition
sequence was present, the EOT was close to 1.0. This test consistently detects the
presence of even one recognition sequence confirming the hypothesis that EOT can be
used to detect restriction activity.
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Previous observations, using bacteriophage, have also shown that DNA containing
more recognition sequences is more strongly restricted (6). Results for Hindlll, the type
II R-M system used in these studies showed a reduction in EOT in all plasmids tested,
including the control plasmid pMECA. At first this was problematic because there
appeared to be no way to distinguish the presence or absence of additional sites in the
lambda fragments. Observations of the EOT results, however, led to the conclusion that
when multiple sites are present in the plasmid DNA, EOT will be further reduced. This
further reduction was then used as a measure to detect the presence of additional sites in
pLl-pL6.
Determination of Recognition Sequences
The first application of the plasmid R-M test was to determine the DNA
recognition sequence for KpnAl, an existing type I R-M system. The original pL series of
plasmids, pLl-pL6 was expanded to include pL7-pL30 in order to narrow down the
location of the KpnAI recognition sequence to smaller DNA fragments. The pE series of
plasmids, containing fragments of E. coli K-12 chromosomal DNA (73) were also
evaluated for the presence of a KpnAI recognition sequence, respectively (64). Using
EOT to detect the presence or absence of a recognition sequence, 24 positive and 32
negative plasmids were identified. These 56 plasmid DNA sequences were analyzed
using the computer program, RM Search and one unique recognition sequence
GAA(6N)TGCC, was found in all positive plasmids and was not contained in any
negative plasmids. Initial computer analysis conducted with less DNA sequence data
(positive and negative) could not narrow the search results to one recognition sequence.
By entering additional positive and negative sequences (from the pE series) and reducing
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the size of positive sequences (subcloning from original pLl-pL6), the computer found
one DNA recognition sequence for KpnAL For confirmation, several short
oligonucleotides (19 bp) were designed and synthesized and cloned into pMECA. The
rationale for these experiments was that if a reduction in EOT was observed it must be
due to the cleavage of the predicted recognition sequence contained in the
oligonucleotide.
This method was then extended to find the recognition sequences for three known
type I R-M systems, StySEAI, StySENI, and StySGI from Salmonella. Bullas and
colleagues originally characterized several Salmonella systems using bacteriophage
restriction tests, and E. coli-Salmonella hybrid strains from that study were used here to
conduct the plasmid R-M tests (20). Using a similar approach as for KpnAI, two unique
recognition sequences were identified for StySEAI and StySGI; StySENI was determined
to be an isoschizomer of StySBLI. These three sequences were confirmed using
oligonucleotides as described previously (64). The recognition sequence for StySGI,
TAAC(7N)RTCG first appeared to be unique. The reverse complement of this sequence,
CGAT(7N)GTTA, is nearly identical to the sequence for StySKI, except for one
degeneracy. Bullas’ results predicted that these two R-M systems must recognize similar
DNA target sites, because an EOF of .12 was observed when phage DNA modified by
StySKI was challenged to the strain expressing StySGI (Table 6.2.a). This EOF may
indicate that StySKI modified DNA was only partially protected from cleavage by
StySGI. StySKI will only modify the StySGI sequence when adenine is present in the
degenerate position, leaving any site with G in that position unprotected. However, both
of the recognition sequences in lambda DNA have adenine at the degenerate position and
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therefore should be completely protected from restriction by StySGI. Cleavage of DNA
can be impaired when methylation is present on only one strand of the recognition
sequence. This may offer one explanation for the original EOF results obtained for
StySKI and StySGI.
Over 100 clinical E. coli strains, collected from Loma Linda University Medical
Center, were screened using the plasmid R-M test. Highly transformable strains were
further tested using the pL and pE series. Analysis using RM Search identified three new
R-M systems. Unique recognition sequences for strains EC826, EC851, EC912 were
found to be GCA(6N)CTGA, GTCA(6N)TGAY, and CAC(5N)TGGC, respectively.
Eco912I appears to have the first recognition sequence with a five nucleotide spacer. The
six base pair distance between adenines however, is consistent with R-M systems from
the type ID family. These recognition sequences were confirmed as described previously
(64).
Location of Methylated Adenines
An additional objective of these studies was to determine the methylated adenines
for each new recognition sequence (14, 31, 104). In agreement with previous
observations, methylation occurs at the innermost adenines (closest to the spacer region)
in all of the recognition sequences found in this study (27, 31). Recently, Noreen Murray
has proposed that for each type 1 family (A-D), a specific distance is present between the
methylated adenines (105). Using these criteria it may be possible to deduce the family
status of a type I R-M system followed by confirmation using complementation studies
and/or genetic analysis. There are six nucleotides separating the methylated adenines in
the KpnAI target sequence, placing it in the type ID family, according to these criteria
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(Table 7.2). This agrees with previous results from complementation and genetic
analysis, which also placed KpnAI in the type ID family (85, 157). Similarly, StySENI
(this study) and StySBLI (157) recognize identical DNA recognition sequences and the 6
bp distance between adenines places them in the type ID family. The variable regions of
both target recognition domains (TRDs) should be highly similar according to previous
studies comparing amino acid sequences (24, 63). The predicted amino acid sequences
for the EcoAI and EcoEI HsdS subunits share close to 50% identity because they
recognize an identical trinucleotide component, 5’-GAG (24). An even greater identity,
90%, is shared by the TRD region responsible for recognition of 5’-AAC, the
trinucleotide component shared by EcoKI and StySPI (39).
Eco826I (this study) may be a member of the type IC family according to
Murray’s criteria. Type IC R-M systems are plasmid-encoded, with the exception of
EcoprrI whose hsd genes are found on the chromosome. To explore this possibility, E.
coli strain EC826 was examined for the presence of a plasmid. No plasmids were
isolated, suggesting either the hsd genes are present on the chromosome, similar to
EcoprrI (163), or exist on a large plasmid that was not isolated using the purification
methods described here.
The methylation locations and predicted families for the newly identified
recognition sequences for KpnAI, and the Salmonella and E. coli systems are shown in
Table 7.1. However, analysis of new type I R-M systems may indicate that further
subdivisions are necessary and in this case two or more families may have similar
distances present between methylated adenines.
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Table 7.1. Family designations for type I R-M systems predicted by distance, in base
pairs, between methylated adenines in DNA recognition sequences.
Enzyme

Recognition sequence

KpnAI*

GAANNNNNNTGCC

StySEAI

ACANNNNNNTYCA

6

type ID

Sty SEND*

CGANNNNNNTACC

6

type ID

StySGI

TAACNNNNNNNRTCG

9

type IB

Eco377I

GGANNNNNNNNATGC

9

type IB

Eco585I***

GCCNNNNNNTGCG

Eco646I

CCANNNNNNNCTTC

8

type IA or IC

Eco777I

GGANNNNNNTAT C

6

type ID

Eco826I

GCANNNNNNCTGA

7

type IC

Eco851I

GTCANNNNNNTGAY

6

type ID

Eco912I

CACNNNNNTGGC

6

type ID

Ecol 1581****

TGANNNNNNNNTGCT

8

type IA

Distance
between
adenines (bp)
6

Predicted family

type ID

type II enzyme ?

N is any nucleotide. R is either purine and Y is either pyrimidine. *Using
complementation experiments and genetic analysis, KpnAI has been confirmed as a
member of the type ID family. **StySENI is an isoschizomer of StySBLI, a member of
the type ID family. ***Although Eco585I has a typical type I recognition sequence
pattern (3(6N)4), it does not have a target adenine in the trinucleotide component and
therefore may be a type II R-M system. ****Ecol 1581 is an isoschizomer of EcoAI, a
member of the type IA family.
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Future Studies
Improvement of the Plasmid R-M Test
The plasmid R-M test can successfully determine the recognition sequences for
bacterial strains producing one R-M system. However, when multiple systems are
expressed this method is limited. One strategy to overcome this is to selectively modify
the plasmid DNA using modification positive strains (f m+) before the restriction tests
are performed. Another solution to identify multiple sequences would be to modify the
strain to produce only one system at a time, by mutagenesis. Ideally the control plasmid,
pMECA, will not contain a recognition site for the strain being tested. If pMECA does
contain a site, then modified plasmid DNA could be used as a control. To overcome host
limitations, or if pMECA contains a recognition sequence for the testing strain, an
additional set of plasmids can be constructed in an alternative parent vector.
Our studies point to the possibility that the majority of strains express only one
active type I restriction endonuclease. Most enteric strains including Salmonella, have
been shown to have type I genes at 98.5 minutes on the chromosome. Due to their allelic
locations, it is possible that only one type I R-M system would be present in any given
strain from the Enterobacteriaceae. This is supported by results from the screen of the
ECOR collection (8). In these experiments, probes representing the three chromosomally
located type I systems (IA, IB, and ID) were used to screen 37 is. coli strains. Their
results showed that no strain hybridized to more than one probe. Because the genes of
type I R-M systems, not including the plasmid encoded type IC systems, are alleles of
one locus, it is expected genes for only one system would be detected by hybridization.
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This, and evidence shown from the analysis of sequenced genomes (74) show that many
more R-M systems may be identified.
The search for new R-M systems in clinical E. coli strains, collected from the
LLUMC clinical laboratory should continue. Initially, E. coli strains are tested for
transformability using pMECA. If a bacterial cell has a restriction enzyme recognizing a
short target site (4-6 nucleotides), it may have a site in pMECA, and cannot be used for
the plasmid R-M test. To screen these strains, crude cell extracts or active fractions
following partial purification can be combined with various DNA substrates to detect
restriction activity. This restriction endonuclease assay, combined with a computer
program is commonly used to find type II enzymes and their recognition sites (44, 138,
173). An alternative approach is to measure methylase activity using antibodies that react
with DNA containing m6A or m4C modifications (74). Clinical strains other than E. coli.
including Klebsiella, can be tested using the plasmid R-M test, after highly transformable
strains are selected. After identifying the recognition sequences using RM Search, these
enzyme systems can be further characterized to find cleavage sites, stability, and cofactor
requirements.
Initial studies have shown that the plasmid R-M test could be performed using 96well plates. Results for an entire set of plasmids, pE for example, could then be obtained
from one plate. Eventually it may be possible to convert this test to a partially automated
process.
New recognition sequences will be entered into current databases, including
REBASE. Publication of the new R-M systems and their DNA recognition sequences,
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should stimulate research on the development and diversity of restriction-modification
systems.
RM Search Computer Program
Tests have yet to be conducted to determine the optimal numbers and sequence
lengths for efficient runs of the RM Search program. In order to estimate the number and
sizes of positive and negative plasmids needed to obtain one recognition sequence.
lambda DNA (48.5 kb) could be separated into sets of 1 or 2 kb text files. Using the
‘find’ function in RM Search, all of the locations of a known sequence, such as EcoAI
(GAG(7N)GTCA), can be found. Then theoretical searches for this sequence can be
made using different numbers and combinations of the positive and negative sequence
files. Because lambda DNA is random, this strategy allows for a realistic prediction of the
optimal search conditions. In practice, an average search to find a seven nucleotide
recognition sequence, requires in the range of one or two small (100-500 bp) positive, 1015 average length (~ 5kb) positive, and 10-15 average length (~ 5kb) negative sequences.
When a degeneracy was present in the recognition sequence, several additional positive
and negative sequences were added to the search. This may be explained by the
probability that a degenerate sequence will appear in any given DNA slightly more often
than a non-degenerate sequence of the same length. Intuitively, short positive and/or long
negative sequence inputs provide for more efficient returns. For this reason, several
strategies were utilized to create and identify small positive plasmids.
The presence of false negative or false positive plasmid DNA sequences can lead
to invalid results. This limitation can be overcome by improving the computer program,
RM Search. A new version of the program is currently being developed to search for
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multiple recognition sequences. When the test strain is expressing two R-M systems,
three groups of positive plasmids can be identified. For example, group A will contain
sequence 1, group B will contain sequence 2 and group C will contain both sequences 1
and 2. The current version of the program will give null results in this case because no
single sequence is present in all positive plasmids. The new version will separate the
positive plasmids into these three groups and then conduct individual searches for
sequences 1 and 2. Negative plasmids do not pose a problem in this case, because all
negative plasmids contain neither sequence 1 nor 2. However, false negatives, due to
blockage or mutation of the site, will lead to incorrect results.
For example, all bacteria that produce Dam and/or Dcm methylases modify the
sequences GATC (52) and CCA/TGG (92), respectively. Methylation of bases by these
enzymes can block the action of restriction endonucleases when these sequences overlap.
If the recognition sequence of the strain being tested overlaps with either of these, the
restriction endonuclease may be hindered, resulting in false negatives. To solve this
problem, the pL and pE series of plasmids currently used in the laboratory were prepared
in a dam' dcm' strain. Any proteins that bind tightly to DNA, such as repressors, can also
hinder the action of restriction enzymes. To avoid search errors due to false negatives,
positive plasmids can be entered first, followed by the stepwise addition of negative
plasmids. The next version of RM Search will solve this problem by allowing up to three
error sequences before returning null results.
In another application, the RM Search program can be used to find recognition
sequences using purified restriction enzymes, by entering results from in vitro
experiments. Following digestion of known DNA sequences (e.g., pL or pE plasmids),
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the positive and negative cleavage results can be analyzed to find the recognition
sequence. For analysis of promoter regions or to identify target sequences for other DNA
binding proteins, this program can identify commonly shared DNA sequences less than
14 bp.
Development of Plasmids
To obtain small plasmids that contain a recognition site, several approaches were
used. Initial restriction tests were performed using plasmids pLl-pL6, representing the
complete lambda DNA sequence. If pL2 tested positive, smaller subclones of pL2 were
tested until the smallest positive plasmid was determined. To illustrate this approach, all
locations of the recognition sequences for Eco585I are shown as shaded regions in Figure
7.1. Although there are currently 75 plasmids in the pL series, using this approach it is
not necessary to test each one. Most of the smaller subclones were constructed using a
quick subcloning procedure. Another method that could be used to pinpoint the location
of a site is to create a series of nested deletions using Exonuclease III (Figure 7.2).
Digestion conditions can control the amount of DNA deleted from each consecutive
plasmid. Each nested deletion plasmid can then be transformed into the test strain starting
with the longest positive plasmid. The small region between the shortest positive plasmid
and the longest negative plasmid contains the recognition sequence. Initially, a deletion
series differing by ~200 bp could be constructed. After, further defining the location of
the sequence, a second series of deletions differing by only ~20 bp could be made.
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Figure 7.2. Subcloning using Exonuclease III to construct a series of nested deletions.In
this example, pL3, is cut with a restriction enzyme to linearize the plasmid DNA and
create a substrate for Exonuclease III. The digestion can be stopped at calculated time
intervals in order to create a series of nested deletion subclones approximately 100 bp
apart. Each subclone can then be transformed into the testing strain to narrow down the
location of the sequence. Adjacent positive (shortest positive containing the sequence)
and negative subclones will be sequenced to determine the small region that contains the
recognition sequence.
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Additional Applications for the Plasmid R-M Test
This plasmid test could easily be applied to study relative rates by comparing
EOT values for a set of plasmids that vary in both the number of recognition sequences
and the distance between sites. This strategy would be especially useful to study type III
R-M systems. It has been observed that stronger restriction activity occurs when a shorter
distance is present between the required pair of inversely oriented sites (96). Recent work
shows that a distance of less than 100 bp decreases the DNA cleavage efficiency of
Eco?\5\ (103).
By combining the transformation method with the RM search program, new
restriction enzymes and their recognition sequences can be found without enzyme
purification. Since more than 75% of the type I recognition sequences are still unknown
(12), this method can also be used to find some of those undetermined recognition
sequences.
Applications
The plasmid R-M test described here can find previously unidentified systems. As
the number of type I R-M systems increases, it will be possible to analyze the
relationships between them. Currently there are four type I families. However, sequence
analysis of the amino acid sequences for the KpnBI system, recently cloned in our
laboratory, has shown that it may be the first member of a fifth family, type IE due to its
lack of similarity with any other family (J. Ryu, personal communication).
Development of Phage-Resistant Bacterial Strains
One useful application of R-M systems involves strains of Lactococcus lactis and
other members of the lactic acid bacteria (LAB). Frequently used as starter cultures in the
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manufacture of many fermented foods, such as cheeses, they deliver a consistent acidity
and flavor. These bacteria, however, are also highly subject to bacteriophage infection.
This destroys the starter culture, ceases the fermentation process and leads to loss of
products. Selection of bacteriophage resistant strains for use as starter cultures is
therefore essential. Research focused on bacteriophage resistance determinants in certain
strains has led to the characterization of a number of resistance mechanisms (102).
Mechanisms of phage resistance are categorized into four main groups: abortive infection
(Abi) (161), inhibition of absorption, phage DNA ejection, and R-M systems (36). These
resistance mechanisms are often found on plasmids or transposons suggesting that genes
may be acquired by lateral transfer. In natural environments, it is common to find more
than one resistance gene on a single plasmid. Thus, in a laboratory setting, several
mechanisms can be combined to improve phage resistance (102).
Plasmid encoded R-M systems are commonly found in lactic acid bacteria (35,
162) and a plasmid carrying the R-M system LlaBIII, demonstrated a reduction in
efficiency of plating (EOP) of 10"3-10'5 against three newly emerging phages (75). Type I
R-M systems are the only proteins known so far that can change the recognition sequence
specificities by natural means (14). This quality can be exploited to improve phage
resistance by constructing a plasmid with several type I R-M systems with multiple
specificities. Studies using Lactococcus lactis have found plasmid DNA encoding only
the specificity, or S subunit (140, 141). When present in one strain, this combination of
several S subunits resulted in multiple R-M phenotypes (93, 141, 142). Homologous
recombination has also been observed between two hsdS genes, resulting in an R-M
system with a new recognition sequence (116).
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The specificity subunits must come from the same family, type IA, IB, IC, or ID,
in order to combine with the R and M subunits to form a functional holoenzyme.
Currently the largest family, type IC, has nine known members (four are hybrids), most
of which are encoded on plasmids. Because only a few members belong to any one
family, there is a limit to the number of S subunits available. Discovery of more R-M
systems will increase the number of S subunits available for combination with R and M
subunits of the same family. R-M genes with multiple specificities can then be inserted
into lactic acid bacterial strains. However, it must first be evident that a number of S
subunits can associate to form active restriction and methylation enzymes with distinct
specificities.
In general, food grade systems must contain only genetic elements that have
originated from bacteria with a long history of use in food. Usually these genetic
elements are derived from plasmids and genes from bacteria of the same species. A
number of plasmid vector systems have been developed using the origin of replication of
natural plasmids combined with food-grade selection markers, such as the wide host
range pWVOl orpVS40 plasmids (101, 114, 117, 123, 168). These systems should be
well-characterized and not contain antibiotic resistance markers, or require the use of
harmful compounds. For stable insertion of DNA, allelic replacement is also possible. A
number of different markers including sucrose, xylose, or bacteriocin resistance genes are
available for several lactic acid bacteria (86). A transformation procedure using glycine
as a cell wall weakening agent, is currently in use forT. lactis (168). Conditions affecting
transformation efficiency have also been optimized, including DNA and cell
concentrations, pulse time, and field strength (168).
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The consumption of lactic acid bacteria has proven health benefits: the
prevention of gastrointestinal tract infections and gastric cancer; stimulation of the
immune system; and improvement of lactose intolerance (131). Thus, research that aims
to improve bacteriophage resistance in lactic acid bacteria starter strains has great
implication in the scientific, health, and economic communities. One way to accomplish
this is to develop a strain with a combination of phage resistance mechanisms, including
an R-M system with multiple restriction specificities.
Restriction endonucleases and methyltransferases can be used as model systems
to study sequence-specific recognition of DNA. Studies using mutants and protein
biochemistry can be used to identify domains and amino acids that are important in
recognition of the DNA sequence. Understanding R-M proteins may provide insight into
mechanisms used by other related proteins including: promoter selection by RNA
polymerase; the action of repressors; genetic recombination; transposition; and targeted
DNA repair. Further study of R-M systems can also aid in the development of
chemotherapeutics that target nucleic acids. Regulation of endonuclease activity is not
well understood at this time, however, preliminary studies have shown that it is possible
to express bacterial endonuclease and methyltransferase genes in eukaryotic cells (42). In
order to establish a bacterial R-M system in eukaryotic cells, further work is needed to
understand the regulation of enzyme activity protecting the recipient chromosomal DNA.
By mutating or engineering existing enzymes, restriction endonucleases with novel
sequence- specificities can be generated. Hybrid recognition sequences have been
reported in natural environments (109, 130) as well as in the laboratory (48, 68, 69). The
addition of DNA and amino acid sequences, domains, and structures to the current
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databases can give strength to the interpretation of new genome sequence data. In
addition, understanding the cleavage mechanisms used by restriction endonucleases is
important because similar mechanisms used by some DNA repair enzymes and
transposases affect DNA stability.
Final Conclusion
This novel plasmid R-M test has proven itself to be a useful enhancement to
traditional methods for detecting restriction activity. Unlike most other methods that
require purified restriction endonucleases or methyltransferases, this in vivo test does not
require enzyme purification. This dissertation describes a new method that will serve as
a tool for the continuing study of restriction-modification (R-M) systems. It can easily
detect restriction activity, determine DNA recognition sequences, and identify new R-M
systems. While I feel this is a contribution to the study of R-M systems and molecular
biology research in general, I also hope it paves the way for future innovative methods
and novel approaches to solving the problems and questions before us.
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